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ABSTRACT

A pilot plant located at the A. H. Weeks Water Treatment Plant in Windsor, ON was
used to investigate the effects of peroxone (hydrogen peroxide + ozone) versus ozone on
bromate and trihalomethane formation. The raw water source used in this study was the
Detroit River. The peroxide dose was varied while ozone dose remained constant. The effect
of adding peroxide prior to ozonation and after ozonation was investigated. The raw water
bromide concentrations ranged between 12 and 47 pg/L.
The system in which peroxide was added after ozonation, the trihalomethane
concentrations were found to be up to 46% higher compared to the ozone only system. In
addition, increasing the hydrogen peroxide/ozone ratio from 0 .1 to 0.35, led to an increase in
trihalomethane concentrations from 5.1 pg/L to 9.1 pg/L, respectively. In terms of bromate
formation, peroxone (post-ozonation) was able to reduce bromate concentration by 33% on
average, compared to ozone. However, as the peroxide dose was increased the bromate
formation also increased, from 6.0 pg/L to 10.5 pg/L for ratios of 0.1 and 0.35 respectively,
although these values were still lower than that of the ozone samples.
For the trials in which peroxide was added prior to ozonation, the ozone only samples
and the peroxone samples achieved a 79% reduction and

68%

reduction in trihalomethane

concentration, respectively, compared to conventional treatment. The bromate formation, as
with the post-ozonation samples, was lower in the peroxone (pre-ozonation) samples than the
ozone treatment by 36% on average. Again, as peroxide to ozone ratios were increased,
increasing concentrations o f bromate were formed at 12.2 pg/L for a ratio of 0.1 and 18.5
pg/L for a ratio of 0.35, but these were still lower than ozone only sample concentrations.

iii
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The use o f pre-ozonation peroxone versus post-ozonation peroxone led to higher
bromate concentrations, by 50%, and comparable trihalomethane concentrations. Therefore,
implementation of a post-ozonation system would be more beneficial than a pre-ozonation
system. However, while utilizing peroxone treatment can reduce bromate, it can also lead to
increased trihalomethane formation.

iv
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1.0 INTRODUCTION
1.1 Background
Disinfection is one o f the primary treatment objectives of the drinking water industry.
Typical disinfection methods utilized by water industry include the use of chlorine, chlorine
dioxide, and chloramine (Viessman and Hammer, 1998). After the Cryptosporidium outbreak
in Milwaukee in 1993, which killed 100 people and infected hundreds of thousands more, and
the more recent outbreak of E . coli in Walkerton in 2000, water utilities have been under
increasing pressure to find improved methods of disinfection. One such method is ozonation,
which has been used for drinking water in Europe since 1893 (Langlais et al, 1991).
Ozone is gaining popularity as a disinfectant due to its ability to destroy resistant
pathogens, such as Cryptosporidium, and its lower CT (concentration x contact time) value
than ozone’s conventional counterparts (USEPA, 1999). In addition to disinfection,
ozonation also improves many other water quality parameters including (Langlais et al, 1991):
■ Taste and odour (T&O) control
■ Reduction o f trihalomethanes (THMs)
■ Improved coagulation and filter run time
■ Reduced chlorine demand
■ Oxidation of micropollutants (pesticides, personal care products, etc.)
■ Oxidation o f iron and manganese
Another emerging treatment method is the use of advanced oxidation processes (AOPs).
AOPs involve coupling ozone with another physical or chemical treatment to promote the
decomposition o f ozone into one o f its decomposition by-products, the highly reactive
hydroxyl radical (*OH) (Duguet et al, 1985; Acero and von Gunten, 2001). This can be

1
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achieved by several methods including the addition of a metal, ultraviolet irradiation or
hydrogen peroxide (peroxone). Molecular ozone reactions with species in the water tend to
be highly selective, whereas reactions with the hydroxyl radical are non-seleetive resulting in
faster reaction rates and degradation of compounds that are refractory to ozone (Glaze et al,
1992; Prado and Esplugas, 1999; Zwiener and Frimmel, 2000). As a result a great deal of
research has been conducted into the effectiveness and applicability o f the advanced oxidation
process in the drinking water industry.

1.2 Ozone and AOPs in the Drinking Water Industry
Ozone was first discovered in 1783 and so named later in 1840 (Letterman, 1999).
Ozone was later recognized for its water disinfection capability in 1886 and the first full-scale
drinking water treatment plant to use ozone was established in 1893 in Oudshoom,
Netherlands. By 1915, forty-nine water treatment plants in Europe were using ozone
(Langlais et al, 1991). It was realized early on that ozone provided benefits, in addition to
disinfection, which included taste and odor removal, oxidation of color, oxidation of iron and
manganese, enhancement o f particulate removal and reduction in THMs formation. Due to
the discovery in 1973 o f chlorination by-products, and the subsequent standard set out by the
United States Environmental Protection Agency (USEPA) in 1979, a driving force for ozone
research and application was created (Langlais et al, 1991). The more recent Cryptosporidium
outbreak in Milwaukee in 1993 brought about a renewed interest in ozone. As o f 1999,
approxim ately 200 ozone plants in the US were in operation and 6 8 in Canada, with 40 of the

Canadian plants located in Quebec (Rice, 1999; Larocque, 1999). Table 1.1 shows the
different applications o f ozone for drinking water treatment in the United States.

2
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Table 1.1 - Ozone Application in United States Water Treatment Plants
(Source: USEPA, 1999)

Treatment Objective
Iron/Manganese, T&O Control
Disinfection
THMs Control
Total

Number of Plants
92
63
50
205

% Plants
45
31
24

Investigation o f the AOP utilizing the peroxone system began in the late 1970’s for
wastewater treatment and in the late 1980’s for drinking water treatment (Glaze et al, 1987).
Investigations in drinking water treatment have shown improvements in TOC removal and
micropollutant removal (Allemane et al, 1993; Laplanche et al, 1995). In addition, Duget et al
(1985) showed the addition o f peroxide enhanced efficiency of oxidation o f organic
substances, THMs precursor removal, and increased ozone transfer rate. AOP systems in fullscale plants, although utilized, are not widespread. Research is still being conducted to
determine the optimal operating conditions to gain the greatest benefit with a minimum of
adverse effects.
Ozone is a superior disinfection process compared to chlorine-based techniques.
Table 1.2 shows the CT values for 99% inactivation o f microorganisms for different
disinfectants. The CT value represents the concentration ‘C’ of the disinfectant in water
(mg/L) and the time ‘T’ in which the disinfectant is in contact with the water (min). As can
be seen from the table, the CT values for ozone are much lower than those of the chlorine
alternatives.

3
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Table 1.2 - CT Values (mg'min L 1) for 99% Inactivation of Microorganisms with
Disinfectants at 5°C (Source: Langlais et al, 1991)

Microorganism
E. coli
Polio 1
Rotavirus
Phage f2
G. lamblia
cysts
G. muris cysts

Free Chlorine
(pH 6 - 7)
0.034 - 0.05
1.1 -2 .5
0.01 - 0.05
0.08-0.18
4 7 -> 1 5 0

Disinfectant
Preformed Chlorine Chlorine Dioxide
(pH 8 - 9)
(pH 6 - 7)
9 5 -1 8 0
0.4 - 0.75
770 - 3740
0 .2 -6 .7
3 8 1 0 -6 4 8 0
0 .2 -2 .1

30 - 630

Ozone
(pH 6 - 7 )
0.02
0.1 -0 .2
0.006 - 0.06
0.5 - 0.6

1400

7 .2 -1 8 .5

1 .8 -2 .0

Not shown in this table is the CT for Cryptosporidium, for which a 2-log inactivation (99%)
requires a CT o f 21 mg min L' 1 (pH 7 at 22° C) compared to a CT o f 480 mg min L' 1 (pH

6

at

22° C) with chlorine (Finch et al, 1997). Despite ozone’s powerful inactivation capability,
formation o f ozone by-products may be o f concern (Ozekin and Amy, 1997).

1.3 Disinfection By-Products
Disinfection by-products (DBPs) are a result o f disinfectants’ reaction with natural
organic matter (NOM) present in the raw water source. The most common DBPs are those
created from the reaction of chlorine and chlorine-based disinfectants with NOM to form
halogenated by-products. The most commonly occurring are trihalomethanes, haloacetic
acids (HAAs) and aldehydes accounting for approximately 50%, 25% and 7% by weight,
respectively (Viessman and Hammer, 1998).

THMs include the following group of

chemicals: chloroform (CHCI3), bromoform (CHBra), dibromochloromethane (CHB^Cl), and
bromodichloromethane (CHBrCl2). These halogenated by-products (i.e. THMs) have been
shown, through animal experiments, to cause cancerous tumors in the liver, kidneys, colon,
and cause adverse fetal and reproductive effects (Mills et al, 1998; World Health

4
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Organization, 2000). As a result, a maximum contaminant level (MCL) of 80 pg/L for THMs
was set by the USEPA (2001a) and a maximum acceptable concentration (MAC) of 100 pg/L
was established by Health Canada (2004). The use of ozone as a primary disinfectant is a
promising option to help meet these criteria.
However, the use o f ozone can lead to brominated by-products when applied to water that
contains bromide (Letterman, 1999). Some of these by-products include aldehydes, oxoacids,
carboxylic acids, and bromate. The most commonly studied of these products is bromate and
it was regulated under the USEPA Disinfection/Disinfection By-product Rule (D/DBPR) in
1998 (USEPA, 1999). Bromate is a suspected carcinogen causing kidney cancer in animal
laboratory experiments (Krasner et al, 1993; USEPA, 2001b). The USEPA (2001b) has
calculated the excess lifetime (70 years) cancer risk associated with bromate in water to be
1/10,000,1/100,000 and 1/1,000,000 for 5, 0.5, and 0.05 pg/L respectively for the
consumption of 2 L/day for a 70 kg adult. Both the USEPA (2001a) and Health Canada
(2004) have set a maximum concentration of 10 pg/L for bromate in drinking water.

1.4 Thesis Scope and Objectives
The purpose o f this study is to apply ozone and peroxone, prior to coagulation, to the
Detroit River raw water supply on a pilot scale level. The study is to be done with the
Windsor Utilities Commission (WUC) Water Treatment Center in Windsor, Ontario. The
WUC operates a pilot plant that will be used to conduct this investigation. The scope o f this
study involves:
■ Pilot testing and analysis o f the ozone and peroxone process with respect to different
process parameters

5
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■ Monitoring o f water parameters such as alkalinity, dissolved organic carbon (DOC), pH,
bromide, bromate, and trihalomethanes.

The objectives o f this project are:
■ Evaluation o f the effects o f ozone compared to ozone/hydrogen peroxide, on a pilot scale
level, with respect to bromate and trihalomethanes concentration
■ Examination of the effects of process parameters such as temperature, alkalinity, ozone
dose, hydrogen peroxide-to-ozone weight ratio, and peroxide addition point
■ Determination of the process parameters required to achieve optimal treatment efficiency
(i.e. lowest concentrations o f THMs and bromate produced)

6
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2.0 LITERATURE REVIEW
2.1 Ozone and the Hydroxyl Radical
Ozone is most commonly formed by passing an oxygen-containing gas through an
electric discharge known as corona discharge. The hydroxyl radical is generated from the
natural (or accelerated) decomposition o f ozone. Ozone is a very powerful oxidant and its
reactivity can be attributed to the electronic structure of the molecule shown in Figure 2.1,
with the extreme resonance forms (II and III) most often depicted in literature.

I

II

III

IV

Figure 2.1 - Resonance Forms of the Ozone Molecule {Beltran, 2004)
The absence o f electrons in one of the terminal oxygen atoms in some of the resonance
structures confirms its electrophilic nature (able to accept electrons from other molecules).
Conversely, the excess negative charge present in some other oxygen atoms imparts a
nucleophilic character (able to donate electrons to other molecules). Such properties make
ozone an extremely reactive compound (Beltran, 2004).
The most common water treatment oxidants used are chlorine, chlorine dioxide, and
ozone (Viessman and Hammer, 1998). Ozone is now being used in conjunction with
hydrogen peroxide to produce hydroxyl radicals, which also have powerful oxidative
properties (Langlais et al, 1991). The electrochemical potentials (defined as the tendency of
an oxidant to take up an electron or a reductant to give up an electron) of various common
oxidants are given below in Table 2.1.

7
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Table 2.1 - Electrochemical Potentials for Chemical Oxidants Used in Water Treatment
(Source: Letterman, 1999)
Reduction Half-Reaction

Oxidant

OH + rf"

Hydroxyl Radical

V20 3

Ozone

Hypochlorite ion
Hypochlorous Acid
Monochloramine
Dichloramine
Hypobromous Acid
Oxygen

e'

+ H+ + e' ->

V3 MnOT + 4/ 3 H+ + e~

V2O C l + H + + <f ^
V2HC 1 0 + V2H+ + e'
V2NH 2C1 + H+ +
1/4

V20 2 + V2H20

Chlorine Dioxide

C102 + e~

H20

^CT+VzHzO

V2c r

2.08
1.78

V3Mn0 2 + 2/ 3 H20

1 .6 8

1.64

V2h 2o

1.48

1/2 CT + 1/ 2 NH4+

1.40

NHCl2 + 3/4 H+ + e*

V2HOBr + V2H+ + e
V40 2 + H+ + e~

2.85

H20

V2 H20 2 + F r + e~

Hydrogen Peroxide
Permanganate

+

E°red(V)

1/2

-»

+

C F + 1/4 NH4+

V2Br + 7 2H20
V2H 20

C102-

1.34
1.33
1.23
0.95

Because the hydroxyl radical has a higher electrochemical potential (2.85) than other oxidants
much interest has been generated on its use and applicability in the water treatment industry.

2.2 Ozone Generation
The most commonly used method of ozone generation is the corona discharge
(Langlais et al, 1991). This method involves passing a gas containing oxygen between two
electrodes. The electric field splits the 0 = 0 bond of oxygen to give oxygen atoms, which
react with molecular oxygen to form ozone (Langlais et al, 1991). Figure 2.2 below illustrates
a generic ozone generator design.
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Heat
Figure 2.2 - Basic Corona Discharge Ozone Generator Configuration
(Source: AWWA andASCE, 1998)
Proper preparation o f the feed gas is very important in generating adequate amounts o f
ozone in a relatively efficient manner. Issues to address when preparing feed gas include
moisture content, particulates/contaminants, oxygen concentration, temperature, and pressure
(AWWA and ASCE, 1998). Excess moisture can react with nitrous oxides within the
generator and form nitric acid causing damage to the generator, while particulates can attach
to the dielectric surface causing hotspots and eventual generator failure (AWWA and ASCE,
1998). In addition to causing damage and failure to the system, improper feed gas preparation
can lead to low ozone yields.

2.3 Ozone and Advanced Oxidation Reactions
In an aqueous solution, ozone can react with various compounds in two ways (i) direct
reaction between molecular ozone and the compound and (ii) by indirect reaction with the
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radical species (i.e. the hydroxyl radical) that are formed upon ozone decomposition. The
ozone molecule in the direct pathway reacts selectively and slowly with species in the water,
whereas the radical in the indirect pathway reacts very quickly and non-selectively, playing an
important role in oxidation (Langlais, 1991). Due to the electronic configuration o f ozone,
discussed previously, it has different reaction mechanisms in water and can be divided into
three categories (Beltran, 2004):
■ Oxidation-reduction (Redox) reactions
■ Dipolar cycloaddition reactions
■ Electrophilic substitution reactions
Redox reactions involve the transfer of electrons from one species (reductor) to another
(oxidant). As seen in Table 2.1, ozone has high electrochemical or redox potential, thereby
having a high capacity to react with numerous compounds by means of this reaction type.
This reaction is o f particular importance in the case o f inorganic species such as Fe2+, T, and
Mn2+.
Cycloaddition reactions result from the combination o f two molecules to yield a third one.
One o f the molecules involved usually has atoms sharing more than two electrons (i.e. carbon
double bond) and the other molecule has an electrophilic character (i.e. ozone). These
reactions involve olefinic compounds (hydrocarbons with a C=C bond). Compounds with
different double bonds (C=N or C =0) and aromatics do not react with ozone through this type
of reaction.
In the final case o f electrophilic substitution, one electrophilic agent (ozone) attacks a
nucleophilic position o f the organic molecule resulting in the substitution o f one part o f the

10
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molecule, either an atom or functional group. This reaction type involves aromatic
compounds (i.e. phenol).
The decomposition o f ozone, in pure water at neutral to lower pHs, occurs in a chain
process represented by the following mechanism established by Hoigne, Staehelin and Bader
(Langlais, 1991):

superoxide
tu n lu u iv a i

( 1)

Os + OH' 4 h o 2* + o 2'

(2 )

H 0 2* ^

•

ki

0 2'* + H+
A,
o3+o2'# 4 d 3- + o2
A?

ozonide
ion radical

^

(3)
(4)

0 3- + H+

H 0 3*

t

(5)

h o 3*

k a = 1 0 -4'8

k2 = 1 .6 x l 0 9 M '1s' 1
k3 =
k .3 -

k -3
k^4j

= 7.0 x 101 M V

5.2 x 1010 M 'V
2.3 x 102 s' 1

fc
whydroxyl

|

#o h + o 2

radical

k4= 1 .1 x

1 0 5 s"1

k5 = 2 .0 x

109

ke =

1 0 4 s' 1

T_
A5

(6 )

* o h + o 3 -» h o 4‘

M '1s*1

7,

A<5

(7)

h o 4*

h o 2* + o 2

(8 )

H 0 4* + H 0 4*

(9)

H 0 4* + HO3*

2 .8

x

a-7

*K
>8

H2O2 + 2 O3

k7 = 5 x

109

M 'V 1

H 2O 2* + O 3 + O 2

k8 = 5 x

109

M 'V 1

There are many compounds that exist in raw water sources that can initiate, promote and
inhibit the ozone decomposition chain process. In pure water, where no other initiators exist,
ozone decomposition is initiated by the reaction with the hydroxide ion (OH-) as seen in (1) of
the above reaction mechanism. In non-pure water sources, initiators are those substances that
react with ozone to form the superoxide ion radical (O2"*), which include the hydroxide ion
(OH'), hydroperoxide ion (HO2’), and UV irradiation. The superoxide ion radical (O 2 "*) is the
key to propagating the decomposition chain because it rapidly reacts with ozone to yield free
radicals, such as the ozonide ion radical (O 3'*) in (3), eventually leading to the formation o f

11
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the hydroxyl radical (*OH). Promoters include compounds capable of regenerating

0 2 ** from

*0H such as O3 , humic substances, alcohols, and phosphates (Langlais et al, 1991). Finally,
inhibitors include compounds that can consume *OH without regenerating O 2"*, such as
carbonate and bicarbonate ions and alkyl groups (Langlais et al, 1991).
Hydrogen peroxide (H2O2) is also an initiator of decomposition (Langlais et al, 1991).
Fomi et al (1982) found that addition o f H2 O2 greatly accelerates the decomposition o f ozone.
This study showed that at a pH of 10.9 the half-life for ozone decay in the absence o f H 2O 2
was 1.9 s versus 0.047 s with the addition o f H2O2 . The decomposition of ozone is initiated
by the conjugate base o f hydrogen peroxide, as shown below (Glaze et al, 1987).

h

(10)
(11)

H 2 O2 + H20

_________► conjugate
base
H 0 2‘ + H 30 +

= 1 x 10

k9 = 2.8 x 106 M ' 1 s' 1

H 0 2" + 0 3 -» H 0 2* + 0 3"

The O3'* produced from (11) enters in (4) of the decomposition mechanism to form the
hydroxyl radical in (5). Hydrogen peroxide is also thought to act as a promoter o f ozone
decomposition according to the following reactions (Beltran, 2004):
kjo

(12)

*OH + H 20 2

(13)

’OH + H 0 2'

H 0 2* + H20

kw = 2.7 x 107 M ' 1 s’1

H 0 2* + OH'

k ji =

hi

7.5 x 109 M ' 1 s' 1

The HO 2* and OH' produced from reactions (12) and (13) can enter the decomposition
mechanism to form the key O2’* molecules from ( 1 ) and (2 ).
Table 2.2 illustrates the differences in rate constants for reactions of direct molecular
ozone compared to those involving the indirect hydroxyl radical reactions with various
species. As can be seen from the table for this list of compounds, reaction with the hydroxyl
radical occurs more rapidly than with molecular ozone.
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Table 2.2 Rate Constants of Species by Direct Attack (ko3) and Indirect Attack (kon)
{Source: Langlais, 1991)
Family
Alkanes

ko 3 (M s 1)
Non-Dissociated
1 0 _i to 1

koH ( M 1 s 1)
1 0 ° to 1 0 9

Olefins

1

to

105

1 0 8 to 1 0 n

Aromatics

1

to

103

1 0 8 to 1 0 10

Phenols

103

Aldehydes
Ketones

1

h1

0

Alcohols

1 0 '2

to

106

109

to

1 0 10

109

10
0

r*H

Carboxylic Acids

to

109

to

1 0 10

to

1

108

to

109

1 0 ‘5 to 1 0

107

to

109

N-Containing Organics

102

to

107

109

to

1 0 10

S-Containing Organics

10

to

105

108

to

1 0 10

2.4 Impacts of Water Quality on Ozone and AOPs
As mentioned previously, a variety of raw water quality parameters can act as
initiators, promoters, and inhibitors of the chain reaction processes illustrated in Section 2.3.
A concept important in ozone and AOP systems is the Ret value, which represents the ratio o f
*OH concentration to molecular O3 concentration (i.e. Ret = [*0 H]/[0 3 ]) (Elovitz and von
Gunten, 1999). In ozone systems the hydroxyl radical concentration is low at approximately
10' 12 M leading to a low Rct, whereas in a peroxone system the Ret is 3 times that o f an ozone
system alone (Acero and von Gunten, 2001). Discussed below are some raw water quality
parameters and their effects on ozone and advanced oxidation treatments.

2.4.1

Temperature

Although temperature is not considered a promoter per se, as the temperature
increases, the rate of ozone decomposition increases as well. As temperature rises, the
stability and solubility o f ozone decreases (Langlais et al, 1991). Elovitz et al (2000) found
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that increasing the temperature from 5 °C to 35 °C (for natural water) resulted in an increased
ozone decay rate from 10' 7 s' 1 to 10"4 s"1 respectively. Elovitz et al (2000) also found that the
Ret had a 14-fold increase for the given temperature range, with *OH exposure remaining
relatively constant as ozone exposure decreased. A study conducted by Sladic (2001) on
Detroit River water found the ozone decay rate to increase from 10'2 min "1 to 10' 1 min ' 1 for
temperatures of 5 °C and 21 °C respectively. Increased temperature also speeds up reaction
kinetics, which can result in the production o f higher concentrations of bromate and THMs
concentrations.

2.4.2 p H
The decomposition rate o f ozone is dependent on the pH value o f the water. As can be
seen from (1) o f the ozone decomposition mechanism (section 2.3), hydroxide ions (OH') act
as initiators of ozone decomposition. As the pH increases so does the OH' concentration
causing ozone to decompose more rapidly (Hoigne, 1994). In an investigation conducted by
Elovitz et al (2000), pH was varied from 6 - 9 resulting in decay rate constants ranging from
10"4 s"1 to 10"2 s'1, respectively. For the same given pH range o f 6 - 9, Ret had a 40-fold
increase with a decreased ozone exposure and a constant hydroxyl radical exposure. Ozone
treated waters that have pH values less than 7 favour the direct pathway whereas pH values
greater than

2.4.3

8

favour the indirect pathway for more rapid generation o f *OH radicals.

Natural Organic Matter

Total organic carbon (TOC) is a measure of the total organic content in water and is
composed of two fractions. This includes dissolved organic carbon (DOC) (humic and fulvic
acids), accounting for approximately 90%, and suspended organic carbon accounting for the
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remaining 10% (Langlais et al, 1991). Ozonation of organics occurs through direct reactions
with molecular ozone or with hydroxyl radicals (Elovitz et al, 2000). The presence of organic
solutes can influence ozone consumption and reaction pathways in the following ways
(Westerhoff et al, 1997):
■ Direct consumption of ozone (i.e. by phenol)
■ Initiation of ozone decomposition through production o f the ozonide radical (O 3'*)
and subsequently *OH radicals (i.e. by OH' ions)
■ Inhibition o f ozone decomposition by scavenging *OH radicals without producing
H2O2 or superoxide radical ions (i.e. by inorganic carbon such as alkalinity ions)
■ Promoting ozone decomposition by scavenging *OH radicals and forming
superoxide radical ions (i.e. by formate)
Westerhoff et al (1999) conducted research to determine the reactivity of molecular
ozone and hydroxyl radicals towards organic matter. Based on several different natural
waters they determined that molecular ozone reactions with organic generated an average
reaction rate constant of 1.0 x 103 M ' 1 s'1, whereas reaction rate with hydroxyl radicals was
3.6 x 108 L (mol C) ' 1 s'1. Elovitz et al (2000) found, for a DOC range o f 0.7 - 3.2 mg/L, that
the Ret increased by 80-fold with a 10-fold increase in *OH exposure and a 60-fold decrease in
ozone exposure. However, in a peroxone system DOC (1.1 —2.2 mg/L) was found to not
significantly affect Ret, which demonstrates that the presence of H 2O2 dominates the initiation
of ozone decomposition, masking the effects of the DOC (Acero and von Gunten, 2001).
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2.4.4 Alkalinity
In natural waters, typically pH values range from 6-9, where both carbonate (CO 3'2)
and bicarbonate (H C 03') ions can be present (Viessman and Hammer, 1998). Hydroxyl
radicals in the presence o f carbonate and bicarbonate ions can oxidize these compounds into
carbonate and bicarbonate radicals (Hoigne, 1994). As a result, the presence o f these radicals
in water will inhibit the free-radical reaction mechanism during ozonation. Fomi et al (1982)
found that ozone decay decreases with increasing carbonate concentration. Similar results
were found by Elovitz et al (2000), which found that increasing carbonate alkalinity from 0 to
1.5 mM resulted in a two-fold decrease in the rate o f ozone decomposition. It also decreased
Ret by a factor of 5 with *OH exposure decreasing with increasing alkalinity, illustrating the
scavenging effect of carbonate/bicarbonate.
In the case o f a peroxone system the presence of CO3’2 and HCO 3' can play the role of
promoter for ozone decomposition in the presence of hydrogen peroxide. The CO 3 '* reacts
with hydrogen peroxide forming HO2 *, which quickly reacts with ozone, accelerating its
decomposition via the formation of hydroxyl radicals, as shown below (Acero and von
Gunten, 2000).
kn

(14)

H C O / + *OH
u
M3

(15)

C 0 3' 2 + *0H

(16)

h c o 3*

->

bicarbonate
|-------------- -► radical

H C 03* + OH'
^ carbonate
|--------------- ►
C 0 3'* + OH' ra

co3

*+ h +

k i2

= 8.5 x 106 M ' 1 s' 1

k js =

3.9 x 10* M"* s' 1

ka= 1

X 1 0 '8

ki4

(17)
(18)

c o 3 - + H 2o 2
H 0 2* + h c o 3 ■
nk,a
H 2CO3
hco3 +h+

k 14

ka

= 4.3 x 105 M ' 1 s’1

= 4.5 x 10' 7

kT

(19)

HCO 3- ^

COs^ + H*

ka =

4.4 x 10*11

lr

(2 0 )

h o 2* ^ o 2 * + h +

k a = 1 .6

x

1 0 '5

16

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

University o f Windsor

A. Irabelli

(21)

O3 + O2 ”

(22)

0 3'* + H+
,
kj7

(23)

H 0 3*

2.4.5

Bromide

O 3 - + O2

k 15 =

H 0 3*

%

l.bxlO ’ M ^ s ' 1

k .i6 ~

1010 M ' 1 s' 1
3.3 x 102 s' 1

k]7 =

1.4 x 105 s' 1

k js = 5 x

k.ie

*0H + 0 2

Bromide is a naturally occurring substance in surface waters. Bromide ions (Br') can
enter the water through saltwater intrusion, geologic sources, agricultural applications, and
from human activities (Myllykangas et al, 2000). Bromide ion concentrations in seawater can
reach 65,000 pg/L, whereas concentrations in freshwaters reach up to approximately 2,500
pg/L (von Gunten and Hoigne, 1992). Bromide levels in the Detroit River have been found to
range from 25 pg/L to 30 pg/L (Guerrieri, 2000). Bromide concentrations in water play a
significant role in bromate (BrC>3~) formation. Croue et al (1996) found bromate
concentrations increased from

6

pg/L to 80pg/L when bromide ion concentration was

increased from 50 pg/L to 500 pg/L.
Increased bromide levels can also increase the concentration o f brominated organics
formed during both ozonation and chlorination. Both chlorine and ozone are capable o f
oxidizing bromide to hypobromous acid (HOBr) with reaction rate constants of
2.95 x

103

M 'V 1 and 1.60 x

102

M 'V 1, respectively (Letterman, 1999). The hypobromous

acid can then react with NOM to produce brominated organics such as bromoform (in the case
of ozone) and bromodichloromethane and dibromochloromethane (in the case o f chlorine).
Shukairy et al (1994) found that as bromide concentration increased so did the incorporation
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of bromine into the DBPs and that ozone treated water (prior to chlorination) generally had
greater bromine incorporation than water treated solely with chlorine.

2.5 Impact of Operation Parameters
Certain operational parameters affect the treatment performance o f ozone and
peroxone systems and are discussed briefly here. These parameters affect many water quality
issues, however only those being examined in this study (bromate and THMs) will be
discussed.

2.5.1

Ozone Dose

Ozone dosage plays a critical role in the treatment o f many water quality parameters.
By increasing the ozone dose, higher ozone residuals will be maintained over time. The
initial instantaneous ozone demand will be met, with more ozone remaining for the second
phase o f oxidation. In experiments conducted by Sladic (2001) on Detroit River water, the
ozone half-life for a dose o f 1.5 mg/L was 39 seconds compared to 5.5 minutes at a dose of
3.5 mg/L.
In terms o f bromate formation, increasing the ozone dosage results in increased levels
o f bromate formed (Williams et al, 2003; Myllykangas et al, 2000; van der Hoek et al, 1996).
Williams et al (2003) showed increases in bromate formation of up to 35 pg/L for ozone
dosages of 3.0 mg/L - 5.0 mg/L. By increasing the ozone dose, more ozone is made available
for reaction with bromide, which at lower doses, can be consumed by other more reactive
species, such as DOC.
The effect o f increased ozone dose on THMs has been shown in some cases to reduce
the amount o f TTHMs formed, while in others they are increased (Rice, 1980). The
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variability in THMs formation seems to be more of a function of the type o f organic matter
present and the resulting compounds formed upon ozonation, which will be discussed in more
detail later.
2.5.2

Contact Time

Contact time plays a significant role in the formation of disinfection by-products. In
terms o f disinfectant by-product formation, increased ozone contact times have different
effects on THMs formation and bromate formation. Croue et al (1996) showed that increased
ozone contact times o f 0 - 30 minutes increased bromate formation up to 27 pg/L. The
Metropolitan Water District of Southern California (MWDSC) (1991) showed that contact
times of 6 - 12 minutes had no effect on increasing or decreasing THMs formation. In terms
of contact times for secondary disinfection with chlorine, Minear and Bird (1983) illustrated
that total THMs concentrations and bromine incorporation increased with increased contact
time. This led to greater dominance by brominated organics due to the greater reactivity o f
HOBr with NOM compared with HOC1 and NOM.

2.5.3

Hydrogen Peroxide-to-Ozone Ratio

The reaction between ozone and hydrogen peroxide that occurs to form the hydroxyl
radical can be illustrated in the simplified equation below (MWDSC, 1991).
H 20 2 + 2 0 3 -> 2 *OH + 3 0 2
1

mole H20 2 = 34 g H20 2

2

moles 0 3 = 96 g 0

3

.\H 20 2/ 0 3 = 34 g / 96 g = 0.354
According to this equation the stoichiometric H20 2/0 3 ratio is approximately 0.35. Any
additional hydrogen peroxide added above this optimal ratio would be in excess. However,
this ratio is for the case o f pure waters. In natural systems the presence o f initiators o f ozone
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decomposition and hydroxyl radical scavengers can impact the optimum ratio. Acero and von
Gunten (2001) found that ozone exposure decreased and *OH exposure increased with an
increasing H2O2/O 3 ratio. They also found that adding additional peroxide after a ratio Of 0.19
did not further increase radical exposure.

2.5.4 Hydrogen Peroxide Addition Point
The point o f addition o f hydrogen peroxide can have significant effects on the
treatment process. The addition o f peroxide at the same time as ozonation is generally done
to accelerate the generation o f hydroxyl radicals to achieve their maximum affect in reactions.
Adding peroxide after the contactor will result in less radical generation since much o f the
ozone has been used to oxidize other constituents present in the water (i.e. disinfection,
organics, etc). It has been suggested that delaying H2O2 addition helps in meeting
disinfection requirements mid lowering bromate formation (Krasner et al, 1993).

2.6

Disinfection By-Product Formation - Ozone vs. Peroxone
2.6.1 Bromate
When bromide is present in source water it may be oxidized by ozone to form

hypobromite ion (O Br) and then further oxidized to form bromate (BrOa-). In water, O B r'
exists in equilibrium with HOBr as an acid/base conjugate pair in which the speciation
depends on the pH as shown in Figure 2.3. The reaction o f O3 with HOBr is negligible (k =
<0.013 M' 1 s"1) making the reaction with OBr" (k = 330 M "1 s"1) the main species by which
bromate is formed (Glaze et al, 1993). However HOBr can react with natural organic matter
to form brominated organic compounds (such as bromoform). Based on the speciation graph,
higher pHs result in an increased percent speciation towards OBr" thereby increasing bromate
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formation whereas lower pHs favour HOBr and formation o f brominated organic compounds
The dissociation constant (pKa) is highly temperature-dependent. The pKa is 8.91,

8 .6 6

and

8.49 for temperatures o f 10, 25, and 35 °C respectively, and it would be expected to have
more OBr* (and thus more bromate) with increasing temperature (Krasner et al, 1991).
Williams et al (2003) found bromate formation to be reduced by 40% when dropping the pH
from

8

to 6 . Myllykangas et al (2000) and Croue et al (1996) found comparable results, in

terms o f decreased bromate concentrations, when pH was dropped from 9 to

6

and 8.4 to 6.4

respectively.
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Figure 2.3 - Distribution of Hypobromous Acid and Hypobromite Ion {Source: Krasner,
1993)
Bromate can be formed through both the direct oxidation pathway as well as in
combination with the indirect pathway.
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The mechanism for the direct molecular ozone reaction with Br' is shown below (von
Gunten and Hoigne, 1992):

(24)
(25)

(27)

HOBr

hypobromous
acid
> hypobromite
ion

H+ + O B r'
k/8
I
0 3 + B r'
0 2 + 0Br
Z

0 3 + O B r"->

2 0 2 + Br

pKa =

8 .8

k 18 =

160 M ' 1 s' 1

k ig =

100 M ' 1 s' 1

k 20 =

330 M ' 1 s' 1

k 2i >

105 M' 1 s"1

*- bromate

von Gunten and Hoigne (1992) have reported that 30-80% of bromate formation occurs
through the direct reaction pathway, whereas Yates and Stenstrom (1993) report that less than
10% of bromate is formed via the molecular pathway in natural waters. The role which the
*OH radical plays in ozone-bromide interactions can be through a molecular ozone initiated
pathway or by a hydroxyl radical initiated pathway. The ozone initiated reaction mechanism
follows OBr " formation via direct ozonation as in (24) and (25) combined with the following
(Chao, 2002):
^22

(29)

OBr /HOBr + OH'

BrO* + OH'/H20

(30)

BrO* + BrO* + H20

(31)

B r0 2' + *OH -> B r02* + OH'

k 22

= 4.0 x 109 M ' 1 s'

^■23

B r02' + O B r' + 2H+

k 23 = 4 . 9

x 109 M ' 1 s

k-2 4

k 24 =

2.0 x 109 M ' 1 s'

k 25

(32)

B r0 2* + B r0 2*

(33)

Br20 4 + OH' ^

Br20 4

k 2s

B r03' + BrQ2' + H+

= 1.4 x 109 M ' 1 s'

k 2t = 1 . 0 x

10s M "1 s'

The hydroxyl-initiated pathway is initiated when *OH oxidizes bromide to Br* as shown
below (Yates and Stenstrom, 1993):
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&27

(34)

Br + *OH

BrOH'*

(35)

BrOH-

(36)

Br* + 0 3 -> Br0* + 0 2

k 27 = 4 . 2 x

Br* + OH'

k 2 8 = z 6 .Q

k 29

1010 M ' 1 s' 1

x 10s M ' 1 s'1

= 6.0 x 108 M ' 1 s' 1

The BrO* formed in (36) continues through reaction (30) to (33) and then to (28) to form
bromate. Based on the reaction rates of the above mechanisms, one would expect greater
amounts of bromate to be formed from the combined Os/*OH pathways versus the molecular
ozone pathway, which has lower k values.
The addition of hydrogen peroxide to an ozone system has been shown to both reduce
and increase bromate formation (Siddiqui and Amy, 1993; Krasner et al, 1993; Glaze et al,
1993; von Gunten et al, 1996; Myllykangas et al, 2000). The hydrogen peroxide molecule
reacts very slowly with ozone, while the hydroperoxide ion (H 02') reacts very quickly as
shown below (Westerhoff, 1995):
(37)

H 20 2 I

(38)

H 20 2 + 0 3 ^

20H* + 3 0 2

(39)

H 0 2' + O 3

HO + 0 2- + 0 2

pKa = 11.6

H+ + H 0 2-

%

hydroperoxide
. ion

The reactions above show that hydrogen peroxide can consume ozone, making less ozone
available for bromate formation. In addition, peroxide can react with OBr *and B r0 2 (from
reactions 24 to 28) to reduce bromate formation as seen in the reactions below (Westerhoff,
1995):
(40)

O B r" + H20 2

(41)

B r0 2' + H20 2

Br' + 0 2 + H20
->

OBr' + 0 2 + H20

Croue et al (1996) found an increase in bromate formation as the H20

2/ 0 3

ratio increased

versus ozone alone. Krasner et al (1991) also found bromate to increase as the H 20
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increased in pilot scale studies, however in bench scale-studies bromate levels decreased with
increasing H2O2/O 3 ratios. Myllykangas et al (2000) found bromate concentrations to
increase from 11 pg/L to 24 pg/L for ratios of 0 to 0.4, however a ratio o f 0.6 produced 15
pg/L. A study conducted by von Gunten et al (1996) found that bromate formation decreased
in the peroxone system versus ozone alone. In one trial, bromate formation was 19 pg/L and
4 pg/L for the ozone and peroxone system respectively (at an ozone dose o f 1.6 mg/L and
H 2O2 dose o f 0.5 mg/L). In a second trial bromate levels were 42 pg/L for peroxone and 21
pg/L for ozone (at an ozone dose o f 3.0 mg/L and H 2O2 dose of 0.5 mg/L).
The contradictory results obtained by researchers may be due to the fact that hydrogen
peroxide increases hydroxyl radical formation, a major contributing pathway to bromate
formation. Additionally, peroxide consumes ozone (decreasing ozone exposure to OBr' to
form Br0 3 ') and reduces bromine species (HOBr/OBr'), which lowers bromate formation.

2.6.2

Trihalomethanes

Chlorine and chlorine based disinfectants react with NOM, such as humic acid, fulvic
acid, tannins, and lignins, to produce chlorinated DBPs such as chlorofom. When bromide is
present in the water, chlorine in the form o f hypochlorous acid (HOC1) will oxidize the
bromide to hypobromous acid (HOBr). This HOBr can then react with the NOM to form
brominated DBPs such as bromoform. The combination of the HOC1 and HOBr reacting with
NOM produces mixed chloro- and bromo-substituted organics (Letterman, 1999, Krasner et
al, 1991). The trihalomethanes group includes four compounds and is generally referred to as
total trihalomethanes (TTHMs). These four compounds are illustrated in Figure 2.5.
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Figure 2.4 - Structural Formula of Trihalomethanes {Source: Krasner et al, 1989)
The terms “trihalomethanes” and “haloforms” are synonymous. The haloform
reaction, shown in Figure 2.6, is used to illustrate the formation of THMs. According to this
reaction, haloforms are produced by reaction between hypohalous acids (a hydroxyl group
attached to a halogen atom i.e. HOC1, HOBr) and organic compounds containing acetyl
groups [CH3C(=0)R] or other groups that can be converted into acetyl groups (Rice, 1980).
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Figure 2.5 - Reaction Pathway of the Haloform Reaction {Source: Rice 1980)
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In the haloform reaction each hydrogen atom on the acetyl methyl group is substituted
by a halogen atom (designated X in Figure 2.6). The reaction begins when a hydrogen atom
o f the methyl group undergoes a shift to the carbonyl oxygen after which the H+ ionizes,
allowing a halogen atom to become attached to the acetyl methyl carbon atom. This process
repeats until all three methyl hydrogen atoms have been replaced by halogen atoms. The
trihalomethyl moiety (-C X 3 ) splits away from the main compound by hydrolysis. All o f these
reactions are known to occur at neutral pH, the hydrolysis of the trihalomethyl moiety to
produce the final haloform is favoured at elevated pH (Rice, 1980). This classic haloform
reaction is known only to occur through an acetyl group. However, the rate o f formation of
THMs from simple acetyl compounds is too slow to account for the formation o f the major
quantities of THMs produced within the chlorine contact times normally encountered in
drinking water treatment. This implies that other organic materials present must be the
primary THMs precursors. Many organic compounds are readily oxidized to acetyl groups by
strong oxidizers that can then be made available to form THMs. Oxidation with ozone is one
method of converting organic structures from one form to another.
Under the conditions o f drinking water treatment, ozone is able to chemically oxidize
some THM precursors to CO2 and other organic compounds, which now cannot produce
THMs. However, ozone can also convert some non-THM compounds into compounds that
can now produce THMs upon chlorination. Therefore, depending on the type of organic
matter present, ozone can produce either (i) a decrease in THM precursors, (ii) an increase in
THM precursors or (iii) no change in THM precursors. Natural organic matter in water is
comprised o f organics with very complex structures that are derived from the leaching of soil
and terrestrial vegetation or biomass growth in water. The action of ozone on NOM in water
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tends to produce higher quantities of lower molecular weight organics and conversion to
compounds containing carboxylic acid groups (-COOH) (Langlais et al, 1991; Rice, 1980).
The increase in the carboxylic acid groups can cause a depression in pH, decreasing the rate
of formation of THMs upon chlorination (Rice, 1980).
Studies conducted by Swietlik et al (2004) showed significant changes in NOM
composition upon ozonation. The percent o f hydrophobic acids and humic acid decreased
from 54% to 5% and 19% to 2%, respectively. Conversely, percentages in hydrophilic acids,
hydrophilic bases and hydrophilic neutrals increased from 7% to 26%, 5% to 12% and 3% to
9%, respectively. In another study Galapate et al (2001) also found decreases in hydrophobic
compounds and increases in hydrophilic compounds for various source waters when
ozonated. Both researchers also examined the reactivity of hydrophobic and hydrophilic
constituents in terms of their potential to form THMs. They found that the hydrophobic
portion had a higher potential to form THMs than that of the hydrophilic compounds,
supporting the fact that ozone may be able to reduce THMs concentrations by decreasing the
hydrophobic compound content o f waters. Also observed by Swietlik et al (2004) was a
decrease in molecular weight distribution after ozonation occurred and that compounds with
the highest molecular weights were the most reactive with ozone. The most significant
changes were seen with the hydrophobic acids, hydrophobic neutrals, and humic acids, with
little change to the hydrophilic portion. In general, reaction rates increase with increasing
molecular size (Westerhoff, 1999). By decreasing the molecular weight o f natural organic
matter through the use of ozone, formation of THMs may be less due to the slower reaction of
chlorine with these smaller species.
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Jacangelo et al (1989) performed a comparative study with two full-scale ozone water
treatment plants to determine if THMs formation could be reduced using ozone as a primary
disinfectant versus solely chlorine. One o f the plants achieved a reduction from 33 pg/L to 20
pg/L when using ozone with chlorine versus chlorine alone. The second plant however saw
an increase from 152 pg/L to 170 pg/L when ozone was added. The Windsor Water
Treatment plant, which uses ozone as a primary disinfectant, found that the highest TTHMs
levels, using ozone, were 3 pg/L and 16 pg/L for plant effluent and distribution water,
respectively. Comparatively, prior to ozone implementation, TTHMs were 7.5 pg/L and 35.5
pg/L for treated and distributed water (Irabelli and Jasim, 2004).
The addition o f H 2O2 is thought to reduce the formation of brominated organic
compounds such as bromoform, bromoacetic acids and bromoacetonitriles, with the exception
of bromate (Siddiqui and Amy, 1993). This reduction in brominated organic DBPs has been
attributed to the consumption o f HOBr, the main reactive species, by hydrogen peroxide
causing its depletion according to the reaction (Siddiqui and Amy, 1993):
(42)

H 20 2 + HOBr ^ B r ' + 0 2 + H20 + H+

k 32 =

2 x 104 M ' 1 s' 1

Results obtained by Wallace et al (1988), although done at high ozone (30 mg/L) and
contact time (60 minutes), found that the addition of hydrogen peroxide (ratio o f 0.67)
reduced THM precursors by 60% compared to ozone alone at the same dose and contact time.
They postulated that the addition of peroxide enhances ozone mass transfer allowing for
greater degradation of THM precursors. Sozanski and Walkowiak (1999) found TTHMs
concentrations to decrease by 90%, with the use of peroxone/chlorination compared to
ozone/chlorination with varying ozone doses, 2.0 -5.0 mg/L, and peroxide doses, 1.0 - 10
mg/L. In an another investigation, conducted by the MWDSC (1991) on two surface waters,

28

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

University o f Windsor

A. Irabelli

A (State Project Water) and B (Colorado River Water), the addition of H 2O2 (at a ratio o f 0.2)
to 2 mg/L o f ozone resulted in increased TTHMs levels of 25% on average, for water source
A and 30% for water B. In addition, the distribution o f THMs species for both ozone and
peroxone treated water A were mostly brominated DBPs (chloroform made up approximately
1%). Source water B contained approximately 40% chloroform, for both ozone and peroxone
treatment, with the remaining being brominated species. The different speciation for the two
waters illustrates the effect that raw water quality can have on the outcome of the treatment.
For example, source water A had bromide concentrations ranging from 220 - 370 pg/L, while
water B had a range o f 30 - 70 pg/L, which explains the higher distribution o f brominated
species in water A versus B.
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3.0 METHODOLOGY
The experiments for this investigation were conducted with the WUC at a pilot plant
located at the A. H. Weeks Water Treatment Plant in Windsor, ON. The research in this
thesis examined the treatment effects o f ozone versus peroxone on bromate and
trihalomethane formation and speciation.

3.1

A. H. Weeks Water Treatment Plant
The A. H. Weeks Water Treatment Plant (WTP) serves three municipalities with a

total population o f approximately 230,000 and total capacity of 268 million liters per day
(MLD). Raw water is drawn from the Detroit River, which connects Lake St. Clair and Lake
Erie. Figure 3.1 shows the intake locations for the WTP and pilot plant. The raw Detroit
River water typically has low turbidity (4 to 10 NTU) with occasional spikes, low colour (<5
true color units), and moderate hardness and alkalinity (both around 90 mg/L as CaCOs).
Total organic carbon is relatively low (< 2.0 mg/L), with occasional spikes up to 6.0 mg/L.
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Figure 3.1 - Raw Water Intake Locations for Windsor’s WTP and Pilot Plant

3.2 Pilot Plant
The pilot plant is constructed o f stainless steel, glass and inert fluorocarbons to
eliminate organic contamination and corrosion by ozone. The plant is set up with two
identical parallel process trains, Side 1 and Side 2, that include rapid mixers for coagulant and
coagulant aid addition, flocculation tanks, sedimentation basin and settled water storage tanks
(Figure 3.2).
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Figure 3.2 - Windsor Pilot Plant Schematic
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Side 2 only is equipped with a pre-coagulation ozone contactor and Side 1 is not. Both sides
o f the plant also have a dual media sand filter that is located downstream o f its respective
settled water storage tank. The filter columns are constructed of glass and have an internal
diameter of 15.2 cm. Each filter contains 0.450 m o f anthracite (effective size 1.07 mm,
uniformity coefficient 1.35) on top of a 0.275 m layer o f silica sand (effective size 0.52 mm,
uniformity coefficient 1.32) for a combined anthracite/sand depth of 0.725 m. The anthracite
and sand are supported by 0.305 m of double reserve-graded gravel and a 316 stainless steel
wedge-wire screen (60 US mesh size-0.25 mm). The total filter column height is 3.25 m (to
overflow). The height of the water above the bed is 2.22 m. An electronic flow control valve
located immediately downstream of each filter controls the flow through the filters. The filters
are typically backwashed, with air scour, every 24 h or when headloss reaches 150 cm. The
pilot plant is equipped with raw, post-sedimentation, and treated water monitoring points,
which include temperature, pH and turbidity meters. Ozonation takes place prior to
coagulation in the contactor located on Side 2 of the pilot plant. The ozone is introduced to
the water through a ceramic diffuser in which the injection o f the gas flow (ozone) is
countercurrent to the liquid flow. The addition of chemicals for coagulation and flocculation
include the use o f Alum and a cationic polymer. The pilot plant also has sites available for
the addition o f other chemicals, such as hydrogen peroxide, both prior to and after the ozone
contactor.
The pilot plant is capable of providing ozonated water to Side 2 of the plant while Side
1 remains the control side to determine the effects of ozone on water treatment. It is also
possible to run ozonated water to both sides of the plant while changing/adding other
parameters such as hydrogen peroxide (peroxone), to create an advanced oxidation process.
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Due to the set up o f the plant, running ozonated water to both sides of the plant creates
limitations and process changes are encountered, as illustrated in Table 3.1 below. For
example, in order to run peroxone as a pre-ozonation peroxide addition process it can only be
run simultaneously with conventional treatment and not with ozone.
Table 3.1 - Comparison of Process Changes for Operation of Ozone and AOP
Experiments
Pre-Ozonation
Post-Ozonation
H2O2 Addition
H 2O2 Addition
Conventional
Peroxone
Treatment Process
S id e 1
Peroxone
Ozone
S id e 2
13.2 min
6 . 6 min
Ozone Contact Time*
8.3 L/min
16.5 L/min
Flow Rate Into Contactor
8.3 L/min
8.3 L/min
S id e 1
Flow Through Process Train
8.3 L/min
8.3 L/min
S id e 2
*Based on flow rate and contactor volume, not used for disinfection calculations
Parameter

No AOP
Conventional
Ozone
13.2 min
8.3 L/min
8.3 L/min
8.3 L/min

Determination o f ozone and hydrogen peroxide doses, to reflect changes in treatment process
(i.e. water flow rate into contactor), was based on the calculation outlined in Appendix A.

3.3 Ozone Contactor and Generation
The ozone contactor in the pilot plant is a counter-current flow contactor in which ozone
bubbles up the column while water enters from the top. Ozone is generated using a PCI
Ozone & Control Systems, Inc (West Caldwell, NJ) GL-1 Laboratory Ozone Generator. The
ozone generator output is measured using a PCI HC-12 ozone monitor. The ambient ozone
concentrations are measured using a PCI LC-12 ozone monitor. The source of oxygen to the
generator is an air production unit Peak Scientific Purifier Model AP-03. An Alnor Model
7200 (Alnor Instrument CO., distributed by Cole-Parmer Instrument Company, Niles, IL) is
used to check the prepared air dew point. Any ozone off-gas from the contactor is destroyed
using a PCI OD-2 ozone destruct unit equipped with a preheater before discharge.
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3.4 Data Collection
Some parameters were measured continuously (giving average values for a one-hour
period), which include pH, temperature, flow rate, and ozone dose. The temperature was
measured using an S-Products Model R88000 two wire temperature transmitter with a Brian
Controls (Mississauga, ON) mineral insulated RTD Temperature Sensor. The pH was
measured with a Rosemount Instruments Ltd. Model 1054A pH/ORP Microprocessor
Analyzer (Mississauga, ON). All readings were recorded by a computer software package
developed by Rockwell Automation (Windsor, ON).

3.5 Experimental Design
Experiments were carried out during the months o f May, June and December 2004 and
April 2005. For the months o f May, June and December the peroxide was added after the
ozone contactor, whereas April was selected for addition prior to the contactor. Table 3.2
summarizes the experiments that were carried out and the parameters applied. In all trials the
H2O2/O 3 value was varied while keeping ozone dose constant. Carbon dioxide gas was also
added to the raw water, prior to ozonation, to lower the pH to approximately

6 .8

—7.0. For

the trials conducted in 2004 the raw water flow rate into the contactor was approximately 16.5
L/min, resulting in a contact time o f approximately 7 minutes. The flow from the contactor
was then divided equally to each side o f the pilot plant. Due to the layout o f the pilot plant
adjustments needed to be made for the April 2005 trial. The set up of the pilot plant was
adjusted to accommodate for the addition of peroxide prior to the contactor by sending
ozone/peroxide treated water to Side 2 only. In this set-up the peroxone system was now on
Side 2 with conventional (i.e. non-ozonated) treatment on Side 1. The flow into each side o f
the pilot plant was approximately 8.3 L/min, resulting in an ozone contact time o f 13 minutes.
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For the April trial, a direct peroxone (pre-contactor) versus ozone comparison could not be
made, therefore a series o f samples for peroxone versus conventional were taken and
additional set of samples were taken to compare ozone versus conventional process.
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Table 3.2 - Summary of Experimental Set-up
Month:
Purpose:

May 2004
{Sample Numbers 1 - 6 )
Effect o f changing H 2O2 dose (post contactor), warm temp.
O3 constant, H2 O2 varied

O 3 (mg/L)

H 2O 2/O 3

Contact Time (min)

pH

Number of Samples

2 .0

0
0.2
0.35

6.5
6.5
6.5

6.8-7.0
6.8-7.0
6.8-7.0

6

2 .0
2 .0

Month:
Purpose:

3
3

June 2004
{Sample Numbers 7 - 1 5 )
Effect o f changing H2 O2 dose (post-contactor), warm temp.
O3 constant, H2 O2 varied

O 3 (mg/L)

H 2O 2/O 3

Contact Time (min)

pH

Number of Samples

2 .0

0

6.5
6.5
6.5
6.5

6.8-7.0
6.8-7.0
6.8-7.0
6.8-7.0

9
3
3
3

2 .0

0 .1

2 .0

0 .2

2 .0

0.35

Month: December 2004 {Sample Numbers 16 - 21)
Purpose: Effect o f changing H 2O2 dose (post-contactor), cold temp.
O3 constant, H2 O2 varied
O3 (mg/L)

H2O2/O 3

Contact Time (min)

pH

Number of Samples

2 .0

0
0 .1

2 .0

0 .2

2 .0

0.35

6.8-7.0
6.8-7.0
6.8-7.0
6.8-7.0

6

2 .0

6.5
6.5
6.5
6.5

Month:
Purpose:

2
2
2

April 2005
{Sample Numbers 22 - 31)
Effect o f changing H 2O2 dose (pre-ozone contactor)
O3 constant, H2 O2 varied

O 3

(mg/L)

H 2 O 2 /O 3

2 .0

0

2 .0

0 .1

2 .0

0 .2

2 .0

0.35

0*

0

Contact Time (min)
13
13
13
13
N/A

pH

Number of Samples
6.8-7.0
4
2
6.8-7.0
6.8-7.0
2
6.8-7.0
2
7.8-8.0
10

*Conventional treatment
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Some of the experimental conditions were based on the literature review and the
operation of Windsor’s full-scale water treatment ozonation plant. The selection o f the ozone
dose was based on the following factors. A study conducted by Chang and Singer (1991)
found that ozone doses o f 0.36 - 0.72 mg/mg DOC was optimal for particle destabilization
and therefore improve coagulation. In addition, Shukairy et al (1994) found O3/DOC ratios
up to 0.8 mg/mg decreased THM precursors and that ratios above this resulted in little or no
improvement in the oxidation of these precursors. Similarly, Siddiqui et al (1997) found that
increasing O3/DOC ratios beyond 1.0 mg/mg did not result in significant reductions in DOC.
Based on these criteria an upper and lower bound for the O 3/DOC ratio could be selected.
Using a range o f 0.36 - 1.0 mg 0 3 /mg DOC, a 2.0 mg/L ozone concentration was selected,
corresponding to a DOC range o f 2.0 - 5.5 mg, which encompasses the values typically found
in Detroit River water.
The peroxone ratios were chosen based on the stoichiometry of the reaction between
ozone and peroxide (see Section 2.5.3). Based on this reaction, the optimal ratio for peroxide
addition is 0.35 after which point any additional peroxide added would be in excess. Due to
this, ratios below and equal to the stoichiometric optimum were taken at 0.1, 0.2, and 0.35.
In the full-scale plant the chlorine dose applied was such that the chlorine residual
after a 20-minute retention time in the clear well was between 1.1 and 1.2 mg/L. Samples of
the pilot plant filter effluent were taken (and sodium hypochlorite added) prior to the THMSDS samples set-up, and held for 20 minutes to determine the required dose needed to mimic
the full-scale plant process.
Dropping the pH of the water by CO2 addition was done to keep a constant pH
throughout the duration o f the experiments allowing for ease in comparison of results. The
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practice of pH depression was followed in the full-scale plant and reduced to a point such that
the finished water entering the distribution system had a pH close to 7.0.

3.6 Sampling and Analysis
Samples were taken from the following locations: the raw water head tank, upon entering
the rapid mix tank, and from the filter effluent (see Figure 3.2). Analysis for bromide was
conducted on the raw and rapid mixer samples; DOC analysis on the raw and filter effluent
water; THMs analysis conducted on the filter effluent and bromate analysis on the rapid mix
sample. Bromate samples were quenched with the addition o f calcium thiosulphate, as is used
in the full-scale treatment process. The effluent from both filters was collected in 4 L glass
amber bottles to which sodium hypochlorite was added. The bottles were allowed to sit in the
dark in a running water bath for a period of 24 hours to simulate the distribution system
environment of Windsor’s distribution system. From these bottles the samples for THMs
analysis were taken. The ozone residual sample was taken using the effluent from the ozone
contactor. Data for pH, temperature, and alkalinity was monitored as well. As mentioned
previously, pH and temperature were monitored on-line with a SCADA system, using Alan
Bradley RS View 32 software.

3.6.1 Ozone Residual
Ozone residuals were measured using a Hach DR/2000 Spectrophotometer following
the Standard Methods (4500-03)/Indigo Colorimetric Method (APHA, AWWA, and WEF,
1999). Ozone residual samples were taken at the effluent of the ozone contactor.
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Chlorine Residual

Chlorine concentrations were measured using a Wallace and Tieman Amperometric
Titrator following the titration method set out by the Standard Methods 4500-C1D (APHA,
AWWA, and WEF, 1999). Chlorine residuals were taken after a 24-hour and 20-minute
retention times.

3.6.3

Dissolved Organic Carbon

Dissolved organic carbon samples were collected in 125 mL glass bottles. The
samples were analyzed by an accredited laboratory (EnviroTest Laboratories, Waterloo,ON)
according to in-house methods based the Standard Methods 5310B (APHA, AWWA, and
WEF, 1999).

3.6.4

Bromide/Bromate

Bromide/bromate samples were collected in 125 mL plastic bottles to which calcium
thiosulphate was added to quench residual ozone. An accredited laboratory (Enwin
Laboratory, Windsor, ON) conducted the analysis by an in-house developed method that
utilizes ion chromatography by electrochemical suppression.

3.6.5

Trihalomethanes

Trihalomethane samples were collected in 40 mL glass amber vials with Teflon caps.
Sodium thiosulphate was added to quench any residual chlorine. An accredited laboratory
(EnviroTest Laboratories, Waterloo, ON) conducted THMs analysis by in-house methods
based on USEPA method SW846-8260.
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4.0 RESULTS AND DISCUSSION
This chapter discusses the results obtained for bromate and trihalomethane production
from the pilot testing of the ozone and peroxone process and the effects of water quality and
operational parameters. This chapter has been divided into three sections. The first section
deals with the raw water quality encountered during the sampling periods and its impact on
the treatment process and the impact o f the treatment processes on the raw water. The second
section discusses and compares the effect of the treatment processes on trihalomethanes
concentrations and their speciation. The last section discusses and compares the effects o f the
treatment processes on bromate formation. A summary o f the results obtained and the raw
water parameters for this project are listed in Appendix B. In this research, with respect to the
peroxone process, pre- and post-ozonation refers to the addition of hydrogen peroxide prior to
the ozone contactor and after the ozone contactor, respectively.

4.1 Raw Water Quality
For the duration o f the project the raw water source used to carry out the experiments
was the Detroit River. The experiments were conducted in May, June, and December 2004
and April 2005 for a total o f 6 ,9 ,6 and 10 days, respectively (see Table 3.2).
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Table 4.1 presents changes in water quality during the days that sampling occurred.
Table 4.1 - Raw Water Quality Conditions During the Experiment
Date

May-04

June-04

December-04

April-05

Min.
Max.
Avg.
Min.
Max.
Avg.
Min.
Max.
Avg.
Min.
Max.
Avg.

Alkalinity
Turbidity
(mg/L as CaC03) (NTU)
7.5
80.0
27.0
83.0
15.1
82.0
6.0
85.0
14.4
98.0
8.9
90.0
8.2
80.0
31.4
91.0
20.7
8 6 .0
1 2
82.0
36.3
98.0
2
0 .8
90.0

pH*
7.6
7.7
7.7
7.6
7.8
7.7
7.9
8.1
8 .0

8.0
8.1
8 .1

Temp.
(oC)
16.5
17.5
16.9
17.3
21,2
19.6
3.3
7.3
5.2
4.7
10.2
7.3

DOC Bromide
(ug/L)
(mg/L)
1.9
37.1
47.4
2.1
41.2
2 .0
1.9
23.7
40.4
2.9
2 .2
28.9
10.5
1.8
29.6
3.3
2 .6

2 0 .2

2.5
5.0
4.0

27.4
44.7
35.5

*Adjusted to pH 6.8 - 7.0 by addition o f C 02

4.1.1 Effect o f Raw Water Quality on Ozone Demand
Several raw water quality parameters can affect the ozone demand, including
temperature, pH, alkalinity and DOC. Elovitz et al (2000) conducted a study comparing the
effects of temperature, alkalinity, and dissolved organic matter on ozone consumption. They
found that the parameters, which had the most to least impact, were dissolved organic matter,
temperature, and finally alkalinity. In Elovitz’s study (2000) ozone consumption increased by
a factor of 60 for a DOC variation o f 0.7 - 3.2 mg/L, increased by a factor o f 10 for a
temperature variation o f 5 °C - 35 °C, and decreased by a factor o f 4 for alkalinity variation o f
0 - 250 mg/1 as C aC 03.
Depicted in Figure 4.1 is the ozone residual for each o f the samples taken during the
experiment. On average the ozone residuals for the months of May, June, December and
April were 1.21, 0.9,1.09, and 0.85 mg/L respectively. The lowest residuals, seen in April,
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resulted as a combination o f several factors that included the addition of hydrogen peroxide
prior to the ozone contactor, a longer contact time (13 min vs. 6.5 min), and higher DOC
concentrations than the previous months (37% - 51% higher).
In comparing the first 3 months, where the same treatment process is used (i.e.
addition of H2O2 after ozone), May had the highest residual, followed by December and then
June.
1.40

Ozone Residual (mg/L)

1.20
1.00
0.80

0.60

0.40

0.20
0.00
3 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31

4

•

-

MAY 2004

JUNE 2004

^

DECEMBER 2004

APRIL 2005

Sample Number
Figure 4.1 - Variation of Ozone Residual During Experiment Trials
The lowest residual, seen in June, is most likely the result o f the high temperature and
moderate DOC relative to the other months (refer to Table 4.1). There were different ozone
residual values during the months of May and June even though the DOC and temperature
were very close. The ozone residual during the month of May was the highest o f the three
months. It may be due in part to the fact that the DOC and temperature were slightly lower in
May, causing a decline in ozone decay rate. Another possibility may be the type o f organic
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matter present during these months, which may have placed a greater demand on the ozone in
June versus May. Swietlik et al (2004) found ozone to be more reactive with high molecular
weight compounds and compounds that were hydrophobic. In addition, the raw water bromide
concentrations seen during May and June were 41 pg/L and 29 pg/L respectively. Bromide is
able to scavenge OH radicals and can therefore stabilize the rate of ozone decay, which may
have contributed to the higher ozone residual seen in May (Westerhoff, 1995). Finally,
December had the highest DOC, but the lowest temperature, resulting in the ozone residual
that fell between the other two months.
Based on Elovitz’s study (2000) the alkalinity variation observed in Detroit River
water should have had little impact on the ozone consumption. In the study by Elovitz
(2000), alkalinity ranged from 0 - 250 mg/L as CaCC>3 with a factor o f 4 decrease in ozone
consumption, whereas the alkalinity for this study varied by, at most, 18 mg/L as CaC 0 3 .
This small change would have little to no impact on ozone consumption compared to DOC
and temperature, which had a greater impact over a smaller range in variation.

4.1.2

Effect o f Ozone and Peroxone on DOC Removal

The use o f a peroxone system has been purported to improve TOC/DOC removal
compared to ozone systems (Duget et al, 1985; Allemane et al, 1993). Figure 4.2 represents
the DOC concentration in the raw water and the concentrations after treatment with ozone and
peroxone (for post-ozonation hydrogen peroxide addition).
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Figure 4.2 - Comparison of DOC Removal by Ozone and Peroxone (PostOzonation) Treated Water
As can be seen in the graph the peroxone system generally removes DOC better than
that of the ozone system. The ozone system removed 26% - 69% (53% on average) o f the
DOC from the raw water whereas the peroxone system removed 42% - 76% (61% on
average). Overall, the peroxone system improved DOC removal by 15% compared to ozone
alone. For the case in which hydrogen peroxide was added just prior to the ozone contactor,
shown in Figure 4.3, removals o f DOC from raw water ranged from 36% - 69% for peroxone,
36% - 53% for ozone, and 8% - 42% for conventional treatment, with average removals o f
45%, 41%, and 27%, respectively.
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Figure 4.3 - Comparison of DOC Removal by Ozone and Peroxone (Pre-Ozonation)
Treated Water, April 2005

On average, the improvement of DOC removal of the ozone and peroxone system over
conventional treatment was 39% and 38%, respectively. In both the pre and post-ozonation
systems, the peroxone process was able to remove more of the DOC compared to ozone
alone. Allemane (1993) suggested this may be a result of the ozone molecule’s selectivity in
terms of its reactions, whereas the radical (*OH) reactions produced through the peroxone
process may allow for degradation of organic matter over a wide spectrum of molecules that
do not react (or react very little) with ozone.
In terms o f the effect o f peroxone ratio on DOC removal, for peroxide addition after
ozonation, Figure 4.4 illustrates its impact.
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Figure 4.4 - Effect of Peroxone Ratio on DOC Degradation (Post-Ozonation)
Based on Figure 4.4, although there is variability o f removal within each ratio due to water
quality changes, on average, DOC removal increased slightly with increased peroxone ratio.
The average removal for each ratio is 58% for 0.1, 61% for 0.2, and 62% for 0.35. This may
be attributed to the fact that the addition of greater amounts of peroxide leads to greater
concentrations o f hydroxyl radicals, which can then react with a wide variety of DOC
molecular structures (Allemane, 1993). In a study by Acero and von Gunten (2001) it was
discovered that the addition of hydrogen peroxide past a ratio of 0.19, resulted in little to no
increase of hydroxyl radical exposure, which may explain the very small change in removal
seen here between 0.2 and 0.35.
Examining the effect of peroxone ratios for the pre-ozonation samples, the graph in
Figure 4.5 is generated.
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Figure 4.5 - Effect of Peroxone Ratio on DOC Degradation (Pre-Ozonation)
For each ratio the average DOC degradation was 30%, 38%, and 44% for the ratio 0.1,0.2,
and 0.35 respectively. The increase in degradation as peroxone ratio increased, again, may be
attributed to the fact that greater amounts o f peroxide are available to react with ozone
generating more hydroxyl radicals to react with organic matter. The reaction rate of hydroxyl
radicals with NOM is 6 orders o f magnitude higher than that of ozone with NOM (Siddiqui et
al, 1995).
Overall, in comparing the two treatment systems, the post-ozonation process had a
greater DOC degradation with a 61% removal versus 45% for the pre-ozonation process. A
reason for this may be that in the post-ozonation system, ozone alone first had a chance to
react with and oxidize organic material and then when an increased concentration o f hydroxyl
radicals were generated from peroxide addition, organic matter that might have been
refractory to ozone may now be oxidized through radical reactions. Duget et al (1985)
discovered that introducing peroxide after an initial ozonation stage of approximately 4
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minutes resulted in improved oxidation of organic matter by 17% - 28% compared to
introduction of peroxide at the same time as ozonation. It has been asserted that the addition
of peroxide at a later stage will produce hydroxyl radicals that can enhance chemical reaction
rates (Duget et al, 1985).
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4.2 Trihalomethanes Trials
Discussed below are the results obtained for trihalomethanes based on simulated
distribution system (SDS) samples conducted in June (sample numbers 10-15) and December
2004 (sample numbers 16-21). The results of the peroxone treatment are separated into
sections for post-ozonation and pre-ozonation with a final section on the comparison o f these
two treatment systems.

4.2.1

Post-Ozonation Addition o f Hydrogen Peroxide

The data presented in this section were a result of a series o f SDS samples taken
during the months of June and December 2004. In previous studies some researchers found
peroxone to lower concentrations of THMs while others found peroxone to increase their
concentration (Wallace et al, 1988; MWDSC, 1991; Sozanski and Walkowiak, 1999). The
results obtained in this study, depicted in Figure 4.6, show that the total THMs concentration
is equal to or higher than that o f ozone alone.
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Figure 4.6 - Comparison of Total THMs Concentrations for Ozone and Peroxone (PostOzonation) Treated Water
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The concentrations generated by the peroxone system were up to 47% higher (20%
higher on average) than that o f ozone. In addition, the higher concentrations o f THMs tended
to coincide with the days that exhibited higher raw water bromide concentrations, which
supports other researchers’ findings (Siddiqui and Amy, 1993; Glaze et al, 1993; Shukairy et
al, 1994). Based on the literature for the formation o f THMs, it would have been expected that
THMs concentrations in peroxone would be lower than ozone alone.
The MWDSC (1991) found that THMs concentrations were 25%-30% higher in a
peroxone system (H 2O2/O 3 ratio o f 0 .2 ) than ozone alone for a similar contact time

(6

min)

and ozone dose (2 mg/L) that coincide with this experiment. Sozanski and Walkowiak (1999)
found a reduction in THMs, from 1 2 0 -9 0 pg/L when peroxide was added after ozonation.
When water that contains bromide is ozonated, HOBr is formed and it can then immediately
react with NOM to form bromoform and then go on to react with chlorine to form the
remaining THM species (Krasner et al, 1991). The addition of peroxide (after ozonation and
hence after formation o f HOBr) would react with the HOBr, depleting its concentration and
therefore its ability to further react with NOM during chlorination to form the mixed chloroand bromo-species (Siddiqui and Amy, 1993).
When considering the effect of the peroxone ratio it can be seen, from Figure 4.7, that
the smallest ratio o f 0.1 generated that lowest concentrations with 0.2 and 0.35 generating
higher concentrations.
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Figure 4.7 - Effect of Peroxone Ratio on Total THMs Concentrations (PostOzonation)
On average the ratio o f 0.2 generated 10.9 pg/L of TTHMs with the ratio of 0.35 giving 9.1
pg/L compared to ozone only at 7.5 pg/L and 7.3 pg/L, respectively. Siddiqui and Amy
(1993) have asserted that since peroxide is able to react with HOBr, an increase in peroxone
ratio would result in a reduction of TTHMs, since more peroxide is available for reaction.
Of importance is the impact of DOC levels and chlorine doses on the generation of
THMs. Depicted in Figure 4.8 and Figure 4.9 are the THMs concentrations generated as a
result of DOC concentration and chlorine dose for ozone and peroxone treated water,
respectively.
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Comparing the two figures, the DOC of the treated water was generally lower for the
peroxone system than for ozone (discussed previously in Section 4.1.2). In both figures it can
be seen that the higher DOC values correspond to the higher THMs concentrations and that
lower concentrations o f THMs are seen in December than June, due to colder water
temperatures. Although DOC concentrations are lower in the peroxone treated samples, the
THMs concentrations are still higher. Peroxide is used in the dechlorination o f chlorinated
water by reacting with HOC1 (Krasner et al, 1993). Some residual hydrogen peroxide may
have been present which created an additional chlorine demand, resulting in the peroxone
samples requiring a higher chlorine dose, 1.3 - 2.4 mg/L vs. 1.2 - 1.7 mg/L, to obtain the
same residual as the ozone sample (see Section 3.3 for rationale). The increased THMs levels
observed in the peroxone system may be attributed to the increased chlorine concentration.
The peroxone ratios were chosen at or below the optimal stoichiometric ratio for which no
excess peroxide would be present (0.35). However, in natural waters where there are
numerous compounds that inhibit (i.e. carbonate/bicarbonate) and promote (i.e. hydroxide ion,
DOC) ozone decomposition, this optimal ratio can be different (Langlais et al, 1991). As a
result, not all peroxide may be consumed and a residual can remain at the end o f the
treatment.

4.2.1.1 Effect o f Treatment on Trihalomethanes Speciation (Post-Ozonation)
An important parameter that affects THMs speciation is bromide concentrations
(Krasner et al, 1991; Shukairy et al, 1994). Research has found that as bromide to DOC ratio
increases so does the incorporation of bromine into DBPs (Shukairy et al, 1994). Depicted in
Figure 4.10 and 4.11 below are the raw water bromide/DOC ratios and the corresponding
speciation of THMs for ozone and peroxone treated water, respectively.
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In general as the Br'/DOC ratio increases greater amounts o f brominated species will
be formed and chloroform will decrease. In Figures 4.10 and 4.11 this trend can be seen. The
last two samples with the lowest ratios generated relatively high amounts o f brominated
species compared to other samples with higher Br'/DOC ratios.
For ozone treated water samples the variation in THM species ranged from 27% - 53%
for chloroform, 14% - 32% for dibromochloromethane, and 33% - 42% for
bromodichloromethane. For the peroxone system THM species ranged from 31% - 58% for
chloroform, 10% - 28% for dibromochloromethane, and 32% - 43% for
bromodichloromethane. Bromoform concentrations in both the ozone and peroxone system
were below the detection limit o f 0.5 pg/L. The raw water bromide concentrations during the
sampling period were relatively low, ranging from 10.5 pg/L - 30.6 pg/L. The lack of
bromoform formation is most likely a result of the low raw water bromide concentrations.
Minear and Bird (1983) illustrated that bromoform was not detected until bromide levels
reached almost 100 pg/L and did not become dominant until bromide levels reached above
1,000 pg/L. Shukairy et al (1994) achieved a concentration of approximately 3 pg/L at a
bromide concentration of 60 pg/L. Also of note, is that the percent speciation o f chloroform
in each of the peroxone samples is higher than that of ozone, while the percent composition of
bromine substituted species is higher in the ozone samples than the peroxone samples. As
mentioned previously, chlorine doses were higher in the peroxone system and this may have
resulted in the increased percentage of chloroform production. Siddiqui and Amy (1993)
have stated that hydrogen peroxide reacts with HOBr, depleting the concentration available to
react with NOM, accounting for the lower concentration of brominated species in the
peroxone system.
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Shukairy et al (1994) noted that increases in bromate formation led to reductions in
brominated organic DBPs due to the consumption of bromide to form the bromate. Figure 4.
12 shows the concentration of the brominated species (CHB^Cl + CHBrCl2) as a function of
bromate concentration for both the peroxone and ozone treated water. In general, the lower
bromate levels coincide with the higher brominated species concentrations and the higher
bromate concentrations with the lower concentrations of brominated species.
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Figure 4.12 - Effect of Bromate Concentration of Brominated Disinfection By-Products
for Ozone and Peroxone (Post-Ozonation) Treated Water
The higher chloroform composition in the samples relates to the chlorine doses added,
as can be seen in Figures 4.13 and 4.14 for peroxone and ozone samples, respectively. In
general, in both cases the chloroform composition tends to be slightly higher when higher
chlorine doses were used. For the ozone treated samples chloroform levels were, on average,
27% lower for the samples with lower chlorine doses (sample numbers 16-21) compared to
those with the higher doses (sample numbers 10-15). A similar result was observed in the
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peroxone system, with chloroform levels being, on average, 30% lower at lower chlorine
doses (sample numbers 16-21) than those samples exposed to higher doses (sample numbers
10-15). One exception is seen for sample number 19 in which, for both treatments, the
chloroform generated was the highest out o f all the samples collected.
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Peroxone Treated Water Samples (Post-Ozonation)
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The impact o f the peroxone ratio on speciation was also examined. Depicted in Figure
4.15 is the speciation o f the THMs as a function of the hydrogen peroxide to ozone ratio.
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Within each o f the ratios the composition of the THM compounds varies. If an average for
each of the compounds is taken for each ratio the following is found:
Table 4.2 - Average Speciation for Each Peroxone Ratio (Post-Ozonation)
H20 2 /0 3

CHCI3

CHBr2CI

CHBrCl2

CHBr2Cl + CHBrCl2

0 .1

20%

0 .2

41%
49%

16%

38%
38%

58%
52%

0.35

44%

28%

38%

56%

From Table 4.2 it can be seen that the greatest amount of chloroform was generated
from the 0.2 ratio and the greatest amount o f dibromochloromethane from the 0.35 ratio with
bromodichloromethane being the same for all ratios. The average composition o f both
brominated species is highest for a ratio of 0.1 and lowest for 0.2. It would be expected that
the amounts of brominated species would decrease with increasing peroxone ratio since more
hydrogen peroxide would be available for reaction with HOBr.

4.2.2

Effect o f Pre-Ozonation Hydrogen Peroxide Addition

In this section are the results of a series of ozone and peroxone samples that were
taken in April 2005 (sample numbers 22-31), with hydrogen peroxide added just prior to the
ozone contactor. Because o f the set up of the pilot plant the ozone and peroxone samples
could not be directly compared to each other but to conventional treatment only. The results
obtained for total THMs concentrations for peroxone, ozone and conventional treatment are
shown in Figure 4.16.
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Figure 4.16 - Comparison of Total THMs for Peroxone (Pre-Ozonation), Ozone and
Conventional Treatment
From the graph it can be seen that both the ozone and peroxone system were able to
achieve lower concentrations o f TTHMs than the conventional samples. The TTHMs
concentrations from the peroxone samples were 47%-85% lower than conventional, while
ozone TTHMs were 76%-81% lower than conventional. On average, compared to
conventional treatment, peroxone achieved a 6 8 % reduction and ozone achieved a 79%
reduction in TTHMs. The lower concentrations observed in the non-conventional treatments
is expected and consistent with other researchers’ results (Wallace et al, 1988; Siddiqui et al,
1997; Galapate, et al, 2001). Ozonating the water oxidizes organics, reducing the DOC
concentration and chlorine dose required, thereby lowering the concentration o f THMs
produced. Figure 4.17 illustrates this fact by comparing the TTHMs concentrations with the
treated DOC concentrations and applied chlorine dose.
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Figure 4.17 - Comparison of Total THMs Relative to Treated Water DOC and Chlorine
Dose for Ozone and Peroxone (Pre-Ozonation) Treated Water
The water treated by peroxone or ozone treatment had a lower DOC concentration
than that of the conventional treatment. Peroxone and ozone treatement resulted in lower
DOC concentrations o f 8%-50% and 12%-30%, respectively. On average, the removal of
DOC from raw water by the peroxone system was 45%, whereas the removal by ozone alone
was 40%. This is in support of other researchers that claim peroxone systems better remove
DOC due to the ability of hydroxyl radicals to react with a wide array of organic compounds
that molecular ozone may not (Allemane et al, 1993; Glaze et al, 1987). The chlorine doses
required for the peroxone treated water were about equal to the conventionally treated water,
whereas the chlorine dose for the ozonated water was lower than the conventional. Even
though the peroxone system had lower treated DOC concentrations than conventional, the
presence of residual peroxide may have placed an added chlorine demand. This made the
required dose for the peroxone system about equal to that of the conventional treatment with
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the higher DOC. The higher THMs oberseved in the conventional samples may be a result of
the amount and type o f organics present in the raw water. Galapate et al (2001) discovered
that ozone is able to transform hydrophobic organic matter to hydrophilic matter, which has a
lower potential to form THMs, as well as to oxidize the reactive sites of DOC, thereby
lowering TTHMs concentrations.
The effect of the peroxone ratio was examined and the results shown in Figure 4.18.
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Figure 4.18 - Effect of Peroxone Ratio on Total THMs Concentrations (Pre-Ozonation)
The general trend seems to be that the higher the ratio the greater the production o f THMs.
On average the THMs concentrations for the ratios of 0.1, 0.2, and 0.35 were 3.8 pg/L, 4.4
pg/L, and 6.1 ug/L, respectively, von Gunten et al (1996) found that the addition o f peroxide
to an ozone system significantly decreases the half-life of ozone and therefore limits the
amount of HOBr formed.
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4.2.2.1 Effect o f Treatment on Trihalomethane Speciation (Pre-Ozonation)
It was indicated in the previous section that Br'/DOC ratio is an important factor
affecting the outcome o f THM speiciation. It can help determine the relative amounts of
brominated and non-brominated (i.e. chloroform) species that will be formed. Illustrated
below in Figure 4.19 and Figure 4.20 is the composition of the total THMs relative to the raw
water bromide/DOC ratio for the non-conventionally and conventionally treated waters,
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Figure 4.19 - Speciation of Total THMs as a Function of Bromide Concentration for
Ozone and Peroxone (Pre-Ozonation)Treated Water Samples
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Figure 4.20 - Speciation of Total THMs as a Function of Bromide Concentration for
Conventional Treated Water Samples
For the peroxone samples, THM species composition ranged from 30% - 47% for
chloroform, 16% - 32% for dibromochloromethane, and 35% - 39% for
bromodichloromethane. In the ozonated samples the composition of the chloroform,
dibromochloromethane an bromodichloromethane ranged from 28% - 40%, 22% - 34% and
38%, respectively. As with the post-ozonation peroxide addition samples, bromoform was
below the detection limit of 0.5 pg/L. From Figure 4.19 it can be seen that in general the
chloroform composition was higher in the peroxone samples than the ozone-only samples and
that the bromine substituted species were higher in the ozone-only system. On average, the
chloroform comprised approximately 40% of the THMs in the peroxone samples, while in the
ozone samples it made up approximately 33% of the total THMs. This may be due to the fact
that (i) the Br/DOC ratios were generally higher when the ozone samples were taken (ii) that
in the peroxone samples the peroxide would react rapidly with the ozone lowering the amount
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o f HOBr formed from the reaction of ozone with bromide (von Gunten et al, 1996) and (iii)
any HOBr formed can be consumed by peroxide, thereby lowering brominated DBP species.
In addition, the concentration of peroxide and DOC present and available for reaction with
ozone is much greater compared to bromide concentrations and much of the ozone would be
consumed before reacting with bromide. It can also be seen in this graph that, for the most
part, as the BrTDOC ratio increased so did the amount o f brominated species, and that at
lower ratios more chloroform was present, which is consistent with other findings (Shukariy
et al, 1994; Siddiqui and Amy, 1993; Siddiqui et al, 1995).
In the conventionally treated samples (Figure 4.20) chloroform was more dominant
ranging from 36% - 70%, with an average of 52%, compared to the non-conventional samples
with an average o f 37%. Chloroform may be more dominant in the conventional samples
since chlroine doses tended to be higher than the non-conventional treatment. The higher Br'
/DOC ratios generally produced lower amounts of chloroform and higher brominated species.
Exceptions to this were seen in the last three samples where the relatively high BrTDOC ratios
resulted in some o f the highest chloroform levels. Chlorine doses during this period were
slightly higher than in the previous samples (Figure 4.17), which may account for the elevated
chloroform levels.
The effect o f peroxone ratio on the outcome of the THMs is depicted in Figure 4.21.
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Figure 4.21 - Impact of H 2O 2/O 3 Ratio on Speciation of THMs
There is some variability o f compound composition within each of the ratios. Taking the
average of each compound for each of the ratios generates the following:

Table 4.3 - Average Speciation for Each Peroxone Ratio (Pre-Ozonation)
H2 0 2 / 0 3

CHCI3

CHBr2Cl

CHBrCl2

CHBr2Cl + CHBrCl2

0 .1

29%
20%

38%
37%

68%

0 .2

32%
42%

0.35

46%

18%

35%

54%

57%

From Table 4.3 the greatest amount of chloroform was generated for the 0.35 ratio, the
greatest amount o f dibromochloromethane from the

0 .1

ratio, and the greatest amount o f

bromodichloromethane from the 0.1 ratio. Overall the least amount o f brominated species,
and greastest amount of chloroform, was generated for the 0.35 ratio. These results are
expected since the 0.35 ratio has the most peroxide available to react with and deplete ozone
concentrations that would otherwise be available to form HOBr as well as to react with any
formed HOBr. Also, on average, the DOC for the treated water of each o f the ratios o f 0.1,

67

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

A. Irabelli

University o f Windsor

0.2, and 0.35 were 1.6 mg/L, 1.7 mg/L, and 3.0 mg/L respectively, with corresponding Br'
/DOC ratios of 0.008, 0.0075, and 0.007 mg/mg. The increase in DOC and decrease in Br'
concentration may explain the increasing chloroform formation for each increased ratio.

4.2.3

Comparison o f Pre and Post-Ozonation Hydrogen Peroxide Addition

In this section comparisons are made between the two peroxone systems (i.e. pre and
post-ozonation hydrogen peroxide addition) in terms of their effect on total THMs
concentrations as well as speciation. Figure 4.22 illustrates the difference in TTHMs
concentrations between the two processes.
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Figure 4.22 - Comparison of the Effect of Pre and Post-Ozonation Peroxide Addition on
Total Trihalomethane Concentrations
From the graph it can be seen that the pre-ozonation THMs samples have
concentrations that are lower than the post-ozonation samples for June and are comparable to
December. The average concentrations for the months of June, December and April are 13.1
pg/L, 5.3 pg/L, and 4.8 pg/L. The relatively higher concentrations in the month o f June can
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be attributed to the warmer temperatures, which averaged approximately 19.6 °C compared to
the December and April averages o f 5.2 °C and 7.3 °C, respectively. Comparing the months
o f April and December, the average DOC concentrations were 3.9 mg/L and 2.6 mg/L
respectively, yet in the system where peroxide was added prior to ozonation THMs
concentrations were the same (or slightly lower). The post-ozonation addition o f peroxide
was also able to remove from the raw water, on average,

68%

of the DOC in December,

compared to 38% by the pre-ozonation system in April. By examining the speciation o f the
THMs, represented in Figure 4.23, one can note further similarities between the months of
April and December.
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Figure 4.23 - Comparison of Total Trihalomethanes Speciation Composition for Pre and
Post-Ozonation Peroxone Treated Water
The average composition for each month is given in Table 4.4.
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Table 4.4 - Comparison of Average Speciation of Total THMs for Pre and PostOzonation Peroxone Treated Water
Month

CHCI3

CHBr2Cl

CHBrCl2

CHBr2Cl + CHBrCL

June 2004

50%

16%

34%

50%

December 2004

39%

22%

39%

61%

April 2005*

40%

22%

38%

60%

*Pre-Ozonation

As can be seen from Table 4.4, the THM compound compositions are virtually
identical for the months o f April and December. The average raw water bromide
concentrations for April and December are 30.9 pg/L and 20.2 pg/L respectively,
corresponding to BrTDOC ratios o f 0.008 mg/mg and 0.009 mg/mg. Numerically, the
average concentrations o f the brominated compounds for December are 3.2 pg/L and 2.8 pg/L
for April. The slightly lower concentration of TTHMs seen in the April sample may be a
result of not only the somewhat lower BrTDOC ratio, but also the pre-ozonation addition o f
hydrogen peroxide. Adding peroxide prior to ozonation allows the peroxide to react
immediately with ozone before a significant amount o f HOBr is formed (von Gunten et al,
1996). In the post-ozonation process, ozone has time to react with bromide first without the
interference o f hydrogen peroxide, generating greater amounts of HOBr, which can then
produce brominated DBPs. In the post-ozonation system, hydrogen peroxide can react with
the already formed HOBr at a relatively fast rate (k = 2 x 104 IVT1 s'1), degrading much o f the
HOBr formed during the ozonation period even though the reaction time is less than that of
the ozonation period. This may explain the similar speciation of THMs in the pre and post
ozonation treatment systems.
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Bromate Trials
Discussed in this section are the results of work done during the months o f May

(sample numbers 1-6), June (sample numbers 7-15) and December 2004 (sample numbers lb21) and April 2005 (sample number 22-31). The results given here are based on an ozone and
peroxone system, which includes pre and post-ozonation addition o f hydrogen peroxide.

4.3.1

Post-Ozonation Addition o f Hydrogen Peroxide

The two factors most important in increasing bromate concentration are increased
ozone doses and increased raw water bromide concentration, while the factor most important
in reducing bromate is increased DOC concentrations (Song et al, 1997). The bromate
concentrations generated in both the ozone and peroxone systems as a function o f raw water
bromide concentrations is shown in Figure 4.24.
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Figure 4.24 - Bromate Concentrations as a Function of Raw Water Bromide Ozone vs.
Peroxone (Post-Ozonation) Treated Water
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In general the peroxone system generated bromate concentrations slightly lower than
the ozone system. On average, for the months of May, June and December, the peroxone
bromate concentrations vs. the ozone bromate concentrations were 11.8 pg/L vs. 14.0 pg/L,
4.4 pg/L vs. 5.8 pg/L, and 8.0 pg/L vs. 10.7 pg/L, respectively. The lowest bromate
concentrations for both ozone and peroxone treated water were seen in June, followed by
December and then the highest concentrations in May, which coincide with raw water
bromide concentrations o f 29 pg/L, 22.7 pg/L, and 41.2 pg/L, respectively. As mentioned
previously, it is expected that higher bromate concentrations would be generated with higher
bromide concentrations. This is true for the month of May, however it would be expected that
December would have slightly lower values of bromate compared to June due to the lower
raw water bromide concentration and cooler water temperatures. Warmer water temperatures
are suggested to increase bromate formation for the following reasons (Siddiqui et al, 1995):
(1)

Ozone is less stable at higher temperatures thereby generating hydroxyl
radicals at a faster rate which can then be involved in the bromate generating
radical pathways (see Section 2.6.1)

(2)

Reaction rate kinetics increase with increased temperatures, generating greater
amounts of bromate

(3)

The speciation of HOBr/OBr' shifts toward OBr' the main reactive species with
which ozone reacts to form bromate

Several researchers have found that increased temperatures resulted in increased bromate
production, which is not supported here in this research (Siddiqui et al, 1995; Williams et al,
2003; Croue et al, 1996). However, Van der Hoek et al (1996) in their research found that as
the temperature increased, the bromate concentrations decreased and attributed this to:

72

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

University o f Windsor

(1)

A. Irabelli

Greater oxidation o f organics thereby lowering the ozone exposure to OBr'
for bromate formation

(2)

Increase in ozone decay rate which also decreases ozone exposure to OBr"

Both Van der Hoek et al (1996) and Siddiqui et al (1995) used the same rationale to explain
their results but their interpretation of them differs. Few other researchers have found
decreases in bromate with increased temperature, such as Krasner et al (1993) who found
bromate to decrease from 41 to 28 pg/L for temperatures of 13 to 23 °C, and also attributed
the reduction to accelerated ozone decomposition.
The next important factor determining the magnitude of bromate concentration is the
amount of DOC in water and consequently the ozone to DOC ratio. Several researchers have
determined that by increasing the ozone to DOC ratio the amount of bromate formed will also
increase (Song et al, 1997; Ozekin and Amy, 1997; Siddiqui et al, 1995; van der Hoek et al,
1996; Croue et al, 1996). Depicted in Figure 4.25 below is the bromate generated by the
ozone and peroxone treatment as a function o f O3/DOC ratio. Data were chosen and
presented in the figure based on samples that had similar raw water bromide concentrations
(within +/-1.5 pg/L of the average bromide concentration) so that some comparison could be
made.
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Figure 4.25 - Bromate Concentration for Ozone and Peroxone (Post-Ozonation) Treated
Water as a Function of O3/DOC Ratio
Based on this graph, from the first set of data (bromide = 24.8 pg/L) it appears that
bromate decreased with increasing O3/DOC ratio, the opposite of the expected outcome. The
second portion appears to have little difference in bromate levels, possibly due to the fact that
the ratios are fairly similar. Finally in the last section (bromide = 39.5 pg/L) the expected
trend is more apparent. Reactions between O 3 - NOM and OBr’ - NOM are faster (by about
1000 M’1 s'1) than O3 - Br’ and O 3 - OBr" reactions and as a result less bromate is expected to
be formed in higher DOC waters than lower DOC water (Siddiqui et al, 1995). It is stated
that at low O3/DOC ratios most of the ozone will be consumed by the NOM and that ozone
residual will then be insufficient to form any significant amount of HOBr/OBr’ to produce
bromate (Song et al, 1997). The ozone residuals, shown in Figure 4.25, are still high enough
to generate bromate, which may explain the difference in result between these findings and
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those of other researchers. To further illustrate this point, Figure 4.26 depicts the ozone and

2
-

3

i
4

Ozone Residual (mg/L)

Bromate Concentration (ug/L'

peroxone bromate concentrations with the corresponding ozone residuals obtained.

iliii
5

6,

MAY 2004

8

9 10 11 12 13 14 1{
JUNE 2004

6

17 18 19 20 21
DECEMBER 2004---- ►

Sample Number
IPeroxone

Ozone

■Ozone Residual

Figure 4.26 - Bromate Concentration as a Function of Ozone Residual in Peroxone
(Post-Ozonation) Treated Water
From the graph it can be seen that higher residuals coincide with higher bromate
concentrations, coinciding with other researchers’ results (Krasner et al, 1993; Siddiqui and
Amy, 1993; Myllykangas et al, 2000). In the month of May, June and December average
ozone residuals were 1.36 mg/L, 0.9 mg/L and, and 1.1 mg/L, respectively, which coincide
with the peroxone versus ozone bromate concentrations of 11.8 pg/L vs. 14.0 pg/L, 4.4 pg/L
vs. 5.8 pg/L, and 8.0 pg/L vs. 10.7 pg/L, respectively. Ozone will react with NOM before
bromide due to the higher reaction rate constant (k>joM = 1 x 103 M ' 1 s' 1 versus kbr = 160 M ' 1 s'
*) and higher NOM concentration (Siddiqui et al, 1995). The ozone residuals given here are
based on the effluent of the ozone contactor. The contact time (6.5 minutes) is sufficient for
several species to react with ozone, including bromide, meaning that these residuals represent
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the least amount o f ozone that was available for bromate formation. In addition, bromate
formation is said to occur within the first 10 minutes of ozonation (Croue et al, 1996).
Another possible reason bromate may have increased with decreased DOC depends on the
type o f NOM that was present. For example hydrophilic acids were found to produce greater
amounts of bromate compared to hydrophobic acids (Croue et al, 1996). Swietlik et al (2004)
found hydrophilic acids are less reactive towards ozone compared to hydrophobic acids,
which would result in higher ozone residuals and exposure to bromide. This could account
for the greater bromate formation observed. It may be possible that the NOM composition o f
the Detroit River during the course o f this experiment was composed o f mainly hydrophilic
acids, although it was not examined in this study.
A final water quality parameter to examine is alkalinity. Researchers suggest that
higher alkalinity water will generate greater amounts o f bromate than water with lower
alkalinity (Krasner et al, 1993; Siddiqui et al, 1995). Shown below in Figure 4.27 are the
bromate concentrations as a function o f alkalinity.
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Figure 4.27 - Impact of Alkalinity on Bromate Concentration for Ozone and Peroxone
(Post-Ozonation) Treated Water
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From the graph it appears that at lower alkalinities bromate concentrations tend to be
higher and at higher alkalinities the bromate lower, contrary to other researchers’ findings.
This is most clearly seen in the transition from May to June. The alkalinity of the raw water
during these sampling periods ranged from 80 - 98 mg/L as CaCCL. In May, June and
December the average alkalinity was 82, 90, and

86

mg/L as CaCC>3, respectively, which

corresponds to an average bromate concentration, for ozone treatment, o f 14 pg/L, 7.1 pg/L,
and 10.7 pg/L, respectively. For the peroxone system, the corresponding bromate
concentrations for those months were 12 pg/L, 4.4 pg/L, and 8.0 pg/L, respectively. To
better illustrate the relationship, Figure 4.28 is represented below giving bromate
concentration as a function o f raw water alkalinity.
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Figure 4.28 - Bromate Concentration as a Function of Raw Water Alkalinity
From Figure 4.28 it can be seen that the higher bromate concentrations, for both ozone
and peroxone, tend to cluster near the lower alkalinity values. Alkalinity in an ozone system
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acts as an inhibitor of ozone decomposition by reacting with hydroxyl radicals, thereby
maintaining higher ozone residuals (Fomi et al, 1982; Elovitz et al, 2000). In a peroxone
system the alkalinity promotes ozone decomposition by generating further hydroxyl radicals
(see Section 2.4.4) and lowering ozone exposure to bromide, which can lead to a reduction in
bromate (Acero and von Gunten, 2000). As a result, for the ozone system, one would expect
higher bromate concentrations on higher alkalinity days, since more ozone would be available
for reaction with bromide. Also, hydroxyl radicals have a large reaction rate constant with
carbonate and bicarbonate (10 6 - 108 M ' 1 s'1) and act as a sink for the radicals, minimizing the
bromate formed through the radical pathway.

In this case, considering the ozone system

only, the opposite seems to be true, as the lower alkalinity coincides with higher bromate
concentrations (as seen in May and the end o f December) and vice versa. The results seen
here differ from the expected result, however Glaze et al (1993) found that ozonating samples
with alkalinity o f 25, 75, 125 and 225 mg/L as CaC 0 3 , bromate decreased from 26 pg/L to
below detection limit (5 pg/L) for the remaining samples.
The peroxone process has been proposed as a possible control option for bromate
formation based on the assumption that H2 0 2 reduces hypobromous acid to bromide slowing
the rate of bromate formation (von Gunten et al, 1996). In a peroxone system, HOBr/OBr'
can be involved in the following competing pathways (von Gunten and Oliveras, 1997):
■ Reaction with NOM to form brominated compounds (i.e. bromoform)
■ Undergo further oxidation by O3 and *OH to bromate
■ Reduction of HOBr/OBr' by reaction with H20 2 to form bromide
When it comes to a peroxone system’s ability to reduce bromate formation researchers have
contradicting results. In this study it appears that peroxone is better able to reduce bromate
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concentration versus ozone alone (Figure 4.24). The peroxone system was able to reduce
bromate, on average for each o f the months of May, June and December by 18%, 40%, and
25%, respectively versus ozone alone. Out of all samples taken, four were found to have an
increase in the peroxone system and ranged from a 12% - 30% increase. Because this is a
post-ozonation addition o f hydrogen peroxide ozonation alone is taking place 6.5 minutes
before peroxide is added. Researchers have suggested that there is a rapid formation o f
bromate within the first 10 minutes of ozonation (Croue et al, 1996) while another has said
bromate is formed within the first 2 minutes (Siddiqui et al, 1995), but can continue at a
slower rate for another 30 minutes. This suggests that most bromate is formed through the
radical pathway. In addition, o f the three bromate reaction pathways that exist (see Section
2.7.1), two involve hydroxyl radical reactions that form bromate, further supporting that most
bromate is formed via radical reactions. A compilation o f results published by Siddiqui et al
(1995) found that several researchers estimated the percentage of bromate formed via the
hydroxyl pathway to range from 40% - 100%. If this is the case, implementing a peroxone
system should increase the bromate formed since hydroxyl radicals are being generated in
greater concentrations. Researchers who conducted the experiments with peroxone systems
did so with the addition of peroxide to the contactor and not after an ozonation period making
it difficult to compare results. However, based on the literature, some assumptions and
postulations can be made regarding the decreased bromate concentrations observed in the
peroxone system. In this study ozonation occured for approximately 6.5 minutes before
hydrogen peroxide was added, after which the reaction proceeds for another 4.5 minutes
(based on HRT) before a sample is taken and quenched. It is possible that in this system the
peroxide was able to react with remaining ozone, effectively quenching the molecular ozone
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reaction pathway that forms bromate as well as to react with OBr', the main reactive species
that forms bromate (Westerhoff, 1995). However, on the ozone side, the exposure to ozone
would have continued and this may have led to the continuation of bromate formation and
hence higher concentrations.
Researchers have stated that the radical pathway is most responsible for bromate
formation, and that increasing the H 2O2 dose will lead to higher bromate concentrations since
greater amounts of hydroxyl radicals will be generated (Siddiqui et al, 1995; Song et al,
1997). The results obtained for this project regarding the effect of peroxone ratio on bromate
formation is represented in Figure 4.29 below.
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Figure 4.29 - Brom ate Form ation as a Function of Peroxone Ratio
The H 2O 2/O 3 ratios o f 0.1, 0.2 and 0.35 resulted in average bromate concentrations o f
6.0 pg/L, 6.2 pg/L, and 10.5 pg/L, respectively. These results are in agreement with other
studies that found increasing peroxone ratio leads to increased concentrations of bromate
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(Siddiqui and Amy, 1993; Croue et al, 1996; Myllyknagas et al, 2000). Their studies
however, also found that ozone alone produced lower bromate levels compared to that o f a
peroxone system. On average, for the peroxone ratios of 0.1, 0.2, and 0.35 the bromate
reduction compared to ozone was 45%, 27%, and 24%, respectively, further illustrating that
as the peroxone ratio increases the amount o f bromate formed does as well. For each ratio,
0.1, 0.2, and 0.35, the average ozone residual was 1.06 mg/L, 1.02 mg/L and 1.20 mg/L,
respectively. The higher ozone residual, and hence higher ozone exposure, observed for
H2 O2/O3 = 0.35 may explain why there was an increase in bromate and the remaining ratios
having similar residuals had similar bromate concentrations. It may be argued that because
there was a higher residual at the 0.35 ratio, more hydroxyl radicals would have been
generated, which in turn generated greater bromate, supporting that the radical reactions are
mainly responsible for bromate formation. However, if this were true, then the ozone only
samples should have generated less bromate, not more as is the case here.

4.3.2

Pre-Ozonation Addition o f Hydrogen Peroxide

These experiments were run during April 2005, such that (i) peroxone and
conventional treatment were running simultaneously and (ii) ozone and conventional were
running simultaneously, due to the set-up of the pilot plant. Much o f the work done by other
researchers on peroxone systems is of this type, with pre-ozonation addition of hydrogen
peroxide. The outcome o f their findings has been contradictory to each other in terms o f
peroxone’s ability to reduce bromate formation (von Gunten et al, 1996;Song et al, 1997;
Siddiqui and Amy, 1997). Shown below in Figure 4.30 are the bromate concentrations
obtained for peroxone (pre-ozonation) and ozone alone.
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Figure 4.30 - Raw Water Bromide and Bromate Concentrations for Ozone and
Peroxone Treated Water (Pre-Ozonation)
During the peroxone experiments the bromate concentrations ranged between 9.1 pg/L
and 19.1 pg/L with an average o f 15.9 pg/L. The bromate results for the ozone trials ranged
from 19.8 pg/L to 28.7 pg/L with an average of 24.7 pg/L. The peroxone samples resulted in
lower bromate concentrations than that of ozone alone, on average by 36%. von Gunten et al
(1996) found bromate to decrease by 20% - 70% when adding hydrogen peroxide (H 2O2/O 3 =
0.3-0.4) to the ozone contactor at an ozone dose of 1.6 mg/L and bromide concentrations of
35-40 pg/L. Croue et al (1996) found the peroxone system to increase bromate
concentrations relative to ozone alone and Siddiqui and Amy (1993) also found that bromate
increased by 20% when hydrogen peroxide was added. Krasner et al (1993) observed that
bromate concentrations increased from 12 pg/L to 60 pg/L when peroxide was added. In
addition, Song et al (1997) tested four waters on a full-scale treatment system with ozone and
peroxone and found that two had increases in bromate with peroxone and two did not. The
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variation in results has been attributed to the fact that peroxide generates more radicals and
can generate more bromate via the radical pathways, which have larger reaction rate constants
and therefore contribute significantly (Siddiqui et al, 1995; Williams et al, 2003). However,
peroxide is also able to react with bromine species (particularly OBr') and lower ozone
exposure to the bromine species by accelerating the ozone decay rate (von Gunten et al, 1996;
von Gunten and Oliveras, 1997). It is possible that in this experiment the hydrogen peroxide
reacted quickly with ozone and sufficiently depleted its concentration before it was able to
react with bromide to form bromate. In addition, hydrogen peroxide could have also reacted
with OBr', the main species with which ozone reacts to form bromate (Westerhoff et al,
1995). The ozone residuals observed during the trials are depicted in Figure 4.31.
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Figure 4.31 - Bromate Concentration for Ozone and Peroxone (Pre-Ozonation) Treated
Water as a Function of Ozone Residual
The average ozone residual during the peroxone experiments was 0.85 mg/L while for
the ozone samples it was 0.80 mg/L. Also, some of the lower residuals coincided with higher
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bromate concentrations, as seen for samples 5, 8 , and 9. The difference in bromate
concentrations between the two systems is most likely a result of the water quality parameters.
As mentioned in the previous section bromide and DOC concentrations play an
important part in bromate formation. With increasing bromide concentrations and decreasing
DOC concentrations bromate concentrations will increase. For water subjected to ozonation
that contains no DOC, 100% o f the bromide will be converted to bromate (Ozekin and Amy,
1997). Referring to Figure 4.30, during the peroxone experiments the average raw water
bromide concentration varied between 27.4 pg/L and 38.4 pg/L with an average o f 30.9 pg/L.
During the ozone experiments the bromide concentrations ranged between 40.8 pg/L and 44.7
pg/L with an average concentration of 42.4 pg/L. The higher concentrations observed during
the ozone trials may have resulted in the higher bromate concentrations generated. Croue et
al (1996) found that for a 10-minute contact time that bromate increased from 3 pg/L to 18
pg/L for bromide concentrations of 50 pg/L and 200 pg/L respectively. Guerrieri (2000) also
found that bromide concentrations of 23 pg/L and 28 pg/L resulted in bromate concentrations
o f 1.1 pg/L and 1.9 pg/L respectively.
As ozone to DO C ratios are increased the amount o f bromate formed will also
increase. At low O3/DOC ratios most of the ozone will be consumed by the NOM, leaving an
insufficient concentration o f ozone to react with OBr' to form bromate. Figure 4.32 depicts
the bromate concentrations as a function of O3/DOC ratio. Results shown are those that have
similar raw water bromide concentrations (+/- 1.5 pg/L from average).
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Figure 4.32 - Bromate Concentration of Ozone and Peroxone (Pre-Ozonation) Treated
Water as a Funciton of O3/DOC Ratio
For the ozone samples, the bromate concentrations increase as the O3/DOC ratio
increases which coincides with other researchers findings (Song et al, 1997; Ozekin and Amy,
1997; Siddiqui et al, 1995; van der Hoek et al, 1996; Croue et al, 1996). The peroxone
samples show no trend as the ratio increases, with bromate concentrations remaining more or
less the same as DOC concentrations decrease. A possible explanation for this result is that in
a peroxone system ozone decay will not only occur by reaction with NOM but it will react
rapidly with peroxide, such that its concentration will be reduced more quickly than in an
ozone only system, reducing the exposure to bromide. Essentially, because reaction rates are
much greater between O3 - H2O2 (actually peroxide’s conjugate base HO 2’) than O 3 —NOM
(k = 1 x 103 M "1 s'1) it may overshadow the effect of the NOM (Acero and von Gunten, 2001).
Also in support o f this, was the work done by Acero and von Gunten (2001) in which ozone
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decay rates in a peroxone system and ozone system for 2 different DOC concentrations were
determined as follows:

Ozone
Peroxone

DOC = 1.0 mg/L

DOC = 2.2 mg/L

k = 1.7 x 10-4 s'1
k = 2.2 x 10'3 s'1

k = 1.0 x 10'3 s"1
k = 4.4 x 10'3 s'1

The decay rates for peroxone are very similar illustrating that ozone decay rates are controlled
by HO 2" initiation and the effects o f NOM are not as significant as in ozone treated water.
In terms of the effect o f peroxone ratio, previous research has suggested that
increasing the ratio leads to an increase of bromate (Croue et al, 1996; Krasner et al, 1991).
However, von Gunten et al (1996) found bromate to decrease with an increase in peroxone
ratio. For this particular study the effect o f peroxone ratio on bromate formation is depicted in
Figure 4.33.
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'Figure 4.33 - Impact of Peroxone Ratio on Bromate Formation (Pre-Ozonation)
From the graph the general trend is that bromate increased with increasing peroxide to
ozone ratio. The average concentrations for each ratio of 0.1, 0.2, and 0.35 are 12.2 pg/L,
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17.0 pg/L, and 18.5 pg/L, respectively. This increase with peroxone ratio is in agreement
with the findings o f others (Croue et al, 1996; Krasner et al, 1991). It is suggested by
researchers that the indirect hydroxyl radical pathway contributes significantly to the
formation o f bromate (Yates and Stenstrom, 1993). By increasing the peroxide dose a greater
concentration o f hydroxyl radicals will be generated which can then contribute to the indirect
reaction pathway to form bromate. The reaction rate constant of the hydroxyl radical with
bromide is approximated at 4.2 x 1010 M '1 s'1, whereas it is much lower for bromide with
molecular ozone at 160 M '1 s'1 (Yates and Stenstrom, 1993; von Gunten and Hoigne, 1992).
Song et al (1997) found that by adding a *OH radical scavenger bromate formation was
reduced by 40%-90%, again suggesting that the radical pathways contribute significantly to
bromate production. By following this same reasoning, one would expect the ozone system
to generate less bromate, which is not the case here. Again this may be due in part to the
higher bromide concentrations experienced on the days of the ozone only experiments. In
research conducted by Croue et al (1996), they found bromate to increase when peroxide was
added up to a peroxone ratio of 0.3, but then decrease after this point.
A further note of mention is that the peroxone experiments carried out by many
researchers are done such that they meet disinfection requirements. As a result, ozone doses
are adjusted to maintain a specified residual, meaning in a peroxone system higher doses
would be needed to obtain the same residual as in an ozone system. These higher ozone doses
in the peroxone system may be what accounts for the increased bromate. von Gunten et al
(1996) illustrated this point by running experiments with ozone versus peroxone for a
treatment where ozone r e s i d u a l was kept constant and another treatment where ozone

do se

was kept constant. It was determined that when peroxide was added to the system with
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constant residual the bromate concentrations increased, whereas in the system with constant
ozone dose the bromate decreased, von Gunten (1996) found that for a constant ozone dose
of 1.6 mg/L and peroxone ratio o f 0.3 only 5% of bromide was converted to bromate
compared to a 30% conversion in the ozone system. In this experiment the ozone dose was
kept constant which may also account for the lower bromate levels compared to ozone alone.

4.3.3

Comparison o f Pre and Post-Ozonation Hydrogen Peroxide Addition

Of interest is to make a comparison between the treatment of the pre and post
ozonation peroxone system and its effect on bromate concentrations. Represented in Figure
4.34 are the results from the peroxone system for both pre and post-ozonation hydrogen
peroxide addition.
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Figure 4.34 - Comparison of Bromate Concentration for Pre and Post-Ozonation
Peroxone System
On average, the bromate concentration during the pre-ozonation peroxone experiments
yielded a higher result than the post-ozonation results with 15.7 pg/L and 7.8 pg/L,
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respectively. This may be due to the fact that in the pre-ozonation system the hydroxyl
radicals have more time to react with the bromine species than in the post-ozonation system,
where ozone is able to oxidize the bromide first. As mentioned previously, it is thought that
the indirect pathway contributes significantly to bromate formation. If such were the case this
pathway would be more prevalent in the pre-ozonation system. Krasner et al (1993)
conducted a study on a full-scale plant using peroxide added in the same chamber as ozone
and compared it to adding peroxide directly after ozonation. Bromate concentrations ranged
from 15 pg/L - 60 pg/L for pre-addition of peroxide compared to concentrations of <5 pg/L —
10 pg/L for post-ozonation addition. Krasner et al (1993) suggested that delaying the addition
of peroxide could not only help meet disinfection requirements but reduce bromate as well.
The effect of peroxide addition point may be further illustrated though comparison of
data for pre and post-ozonation addition of hydrogen peroxide. Figure 4.34 depicts the raw
water bromide concentration for each sampling day. The average bromide concentration in
the month o f April during the pre-ozonation was 30.9 pg/L while the other months were 41.2
pg/L, 29 pg/L, and 22.7 pg/L for May, June, and December respectively. If April is
compared with June, due to their similar bromide concentrations, it can be seen that the
experiment in June produced much lower bromate concentrations (approximately 72% lower
on average). The next point of comparison would be temperature. During the June sampling
the average water temperature was 19.6 °C while in April it was 6.0 °C. It would be expected
that June would generate higher concentrations of bromate since the water temperature is
much higher and reaction kinetics would speed up, however this is not the case. When
examining DOC the average in June was 2.2 mg/L whereas in April it was much higher at 3.9
mg/L. Again, it would be expected that oxidation of the organic material would occur first
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before that of bromide and that the higher DOC in April would consume more of the
ozone/peroxone, leaving less available for reaction with bromide, generating less bromate. A
final raw water quality comparison is that o f alkalinity. In June the average alkalinity was
90.2 mg/L as CaC0 3 and 83.3 mg/L as CaCOs in April. Higher alkalinity enhances the
peroxone process by degrading ozone and generating hydroxyl radicals, whereas in the ozone
system it inhibits ozone degradation (Acero and von Gunten, 2000). Based on this it would
be expected that greater amounts o f bromate would be formed in the June samples since the
alkalinity is higher. It would first act as an inhibitor of ozone decay, increasing the
availability o f ozone to react with bromide and then as a promoter of hydroxyl radicals when
the peroxide is added, increasing the amount of radicals available to generate bromate. In
summary, based on the water qualities experienced during the sampling periods o f June and
April, one would have expected a higher concentration o f bromate to be formed in June rather
than April, which did not occur. It may be concluded that it was the difference in treatment
system (i.e. pre-ozonation vs. post-ozonation) that caused the difference and that the post
ozonation system is more effective for reducing bromate.
Finally, in the post-ozonation system the contact time with ozone is approximately 6.5
minutes after which peroxide is added and has a contact time of about 4.5 minutes before a
sample is taken. In the pre-ozonation system peroxide is added directly to the contactor and
has a contact time o f approximately 13 minutes. Yates and Stenstrom (1993) have suggested
that less than

10%

o f bromate is formed by direct reaction with ozone and that it is mainly

through the indirect reaction pathway. If this assertion put forth by Yates and Stenstrom
(1993) regarding bromate formation and the molecular pathway is accepted and since there is
greater contact time with a hydroxyl radicals in the pre-ozonation system (13 minutes vs. 4.5
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minutes) this may be why less bromate is formed in the post-ozonation system compared to
the pre-ozonation system. Siddiqui and Amy (1993) have also noted that ozonation times
between 5 and 7 minutes, comparable to this study’s post-ozonation process, resulted in minor
amounts of bromate formation even at bromide concentrations of 100 pg/L. This suggests
that for this project much o f the bromate formed was via the hydroxyl pathway.
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5.0 CONCLUSIONS AND RECOMMENDATIONS
5.1 Conclusions
Post-Ozonation Hydrogen Peroxide Addition
■ Improvement in DOC removal, by 15% on average, compared to ozone alone
■ Greater concentration of total THMs was generated compared to ozone alone, up to
47% higher
■ Increasing the H 2 O2/O 3 ratio resulted in increasing total THMs concentrations
■ Chloroform composition was 5% higher in the peroxone system versus ozone alone
and brominated compounds were 3% higher in the ozone system
■ Peroxone reduced bromate concentration versus ozone alone (on average o f 33%)
■ Bromate formation increased with increased H2O2/O3 ratio, but concentrations were
still lower than ozone alone
Pre-Ozonation Hydrogen Peroxide Addition
■ Slight improvement of DOC removal, by 4%, in the peroxone system versus ozone
■ Ozone alone achieved a greater reduction in total THMs concentrations (79%) than
peroxone (6 8 %) compared to conventional treatment
■ Total THMs concentrations increased with increasing H 2O2/O 3 ratio
■ Chloroform composition was 7% higher in the peroxone system versus ozone alone
and brominated compounds were 7% higher in the ozone system
■ Chloroform was more dominant in conventional samples (52%) compared to ozone
(33%) and peroxone (40%)
■ Peroxone bromate concentrations were, on average, 36% less than ozone samples
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■ Bromate increased with increasing H2O2/O3 ratio, but were still lower than ozone
alone
Post-Ozonation versus Pre-Ozonation Hydrogen Peroxide Addition
■ Post-ozonation process had improved DOC removal compared to the pre-ozonation
process (61% vs. 45%)
■ Pre-ozonation samples generated comparable results (April vs. December samples) in
terms o f total THMs concentration and speciation even though water quality during
pre-ozonation sampling was more conducive to increasing THMs concentrations (i.e.
higher DOC and bromide concentrations)
■ Pre-ozonation bromate concentrations were 50% higher, on average, than post
ozonation bromate concentrations
General
■ Addition of hydrogen peroxide after ozonation is more effective at reducing bromate
concentrations compared to ozone alone and pre-ozonation addition of peroxide
■ Ozone and peroxone generated fewer TTHMs than conventional treatment
■ Addition of peroxide, whether prior to or after ozonation, increases TTHMs
concentrations compared to ozone alone
■ The use o f peroxone may be effective for reducing bromate concentrations but at the
risk o f increasing TTHM concentrations
■ In general the peroxone samples required a higher chlorine dose than ozone samples to
attain the same 20-minute residual
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5.2 Recommendations
Quantification o f other brominated by-products such as dibromoacetonitrile and
dibromoacetic acid should be conducted to account for bromide balance.
Conduct peroxone experiments according to disinfection requirements, as maintenance
of a constant ozone residual can affect the outcome of DBP concentrations.
Test peroxone for disinfection capability since utilities will most likely be running the
treatment process based on log inactivation of microorganisms.
Conduct experiments using different secondary disinfectants such as chloramines,
which may reduce THMs concentrations.
Investigate the type o f organic matter present and its effects on THMs and bromate
formation during ozone and peroxone treatment.
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OZONE DOSE CALCULATION METHOD
Given:

Q = 288 mL/ min @ Scale reading = 10 for stainless steel
Pf= l

Variables: Q = air flow rate (mL/min)
Pf= pressure correction factor

M = mass flow rate of feed gas (lb/d)
D = density o f air (lb/ft3) @ given T

Tf = temperature correction factor

wt% = weight o f ozone (%)

T = air temperature (°C)

P = ozone produciton rate (lb/d)

Q0 = standard air flow rate (ft /min)

Qh 2 o = water flow rate (L/min)

C = ozone dose (mg/L)
Items in bold indicate values that are measured

Sample Calculation
0.5

(I)

Tf =

298
273+ T
0.5
298
273 + 2C

Tf = 1.008
(II)

Q0 - Q * Pf * Tf
= 288 mL/min * 1 * 1.008 * 3.53xlO'5ft3/mL
Q 0 = 0.0102 f t 3/min

(III)

M = 1440 * D * Q0
= 1440 min/d * 0.0752 lb/ft3 * 0.0102 ft3/min
M = 1.104 lb/d

(IV)

P = M * (wt %/100)
= 1.104 lb/d* 0.045
P = 0.0497 lb/d

(V)

P = 1.1 * C * Qh2o
C = 0.0497 lb/d * 0.4536 kg/lb * lxlO6 mg/kg
1.1
* 1440 min/d * 8.3 L/min
C = 1.71 mg/L
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CALCULATION OF PEROXIDE DOSE AND FEED RATE
Given:

Ch202 ~ 30%

dj-i202 ~ 1.465 g/mL

Qh2o = 8.3 L/min
Variables:

CH202 = concentration of hydrogen peroxide (w/v)
Qh2o = water flow rate into contactor
H20 2/ 0 3 = hydrogen peroxide to applied ozone dose ratio (mg/mg)
fhH2o2 ~ mass fl°w rate of hydrogen peroxide
CG3 = applied ozone dose (mg/L)
Qh202 = feed rate o f hydrogen peroxide
dH2Q2 ~ density of hydrogen peroxide

Sample Calculation
For a H 20 2/ 0 3 = 0.2 mg/mg and C 03 dose = 2.0 mg/L

(I)

(D)

(HI)

(IV)

InH202 _ C03 * H20 2/ 0 3 * Qh20
= 2 . 0 mg/L * 0.2 mg/mg * 8.3 L/min
<hH202 = 3.32 mg/min = 0.1992 g/li
1 L of 30% H20 2 solution contains:
1 L * 1000 mL/L* 0.3 * 1.465 g/mL = 439.5 g

Qh202 - fl1II2 0 2 I 439.5 g/L
= 0.199 g / h / 439.5 g/L
Qh 202 = 0.00045 L/h = 0.00755 mL/min
Using a 1:1000 dilution
Qh202 = 0.00755 mL/min * 1000
= 7.55 mL/min
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SUMMARY OF RAW WATER QUALITY PARAMETERS
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T u rb id ity
(NTU)

pH

(°C)

D O C (mg/L)

Brom ide
(ug/L)

5/19/2004
5/20/2004
5/21/2004
5/25/2004
5/26/2004
5/27/2004
6/1/2004
6/2/2004
6/3/2004
6/8/2004
6/9/2004
6/10/2004
6/15/2004
6/16/2004
6/17/2004
12/6/2004
12/7/2004
12/8/2004
12/14/2004
12/15/2004
12/16/2004
3/31/2005
4/1/2005
4/2/2005
4/4/2005
4/5/2005
4/7/2005
4/8/2005
4/9/2005
4/10/2005
4/11/2005

82
82
83
80
82
82
98
90
88
94
92
85
90
88
87
88
91
87
80
84
84
84
84
82
84
84
82
84
86
87
87

27.0
12.5
19.2
12.7
11.6
7.5
14.4
12.4
11.3
6.6
6.0
6.4
9.5
6.8
6.5
25.2
31.4
25.7
9.3
8.2
24.3
8.6
7.2
36.3
22.5
18.5
29.5
26.5
25.2
16.5
17.3

7.68
7.69
7.65
7.62
7.66
7.71
7.72
7.64
7.59
7.80
7.78
7.70
7.62
7.64
7.70
8.02
8.03
8.00
7.90
8.04
8.09
8.15
8.14
8.08
8.03
8.03
8.03
8.06
8.06
8.03
8.02

16.9
17.0
16.7
16.5
16.8
17.5
18.4
18.0
17.3
20.3
20.6
19.9
20.1
20.7
21.2
6.7
6.8
7.3
4.5
3.3
2.8
4.7
5.8
5.6
5.5
6.3
8.4
8.2
8.8
9.6
10.2

2.1
2.0
2.0
1.9
1.9
2.1
2.9
2.4
1.9
2.2
2.1
2.1
2.2
1.9
2.0
2.0
1.8
1.9
3.3
3.3
3.2
2.5
4.2
3.1
4.8
4.0
5.0
4.5
4.5
3.9
4.0

47.4
39.6
37.9
37.1
40.1
45.25
40.4
32.4
26.2
30.6
29.9
24.2
25.7
23.7
27
29.6
28
17.6
23.5
11.8
25.5
38.4
28.3
27.4
28
30.6
32.9
40.8
41
44.7
43
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SUMMARY OF PROJECT RESULTS: POST - OZONATION ADDITION OF HYDROGEN PEROXIDE
Peru\iik>/Ozone Ratio
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2.4
0.3

1.7
0.32
2.4
0.25
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0.5
1.44
0.6

1.2
0.83
1.32
0.79

1.2
0.74
1.32
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DOC
Raw
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Peroxone
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0.35
12/15/2004 12/16/2004
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1.6
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1.8
1
1.4
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1.2
1
4.9
3.7
4
Peroxone (SDS)
4.2
2
1.9
1.6
<0.5
<0.5
<0.5
<0.5
6.4
2
1.5
1.2
1.7
1.2
1.1
1.1
12.3
4.5
3.9
5.2
24 - Hour C on tact Time (SDS)
1.7
1.2
1.21
1.21
0.33
0.78
0.84
0.71
2.4
1.5
1.44
1.44
0.36
1.02
1.04
0.82
3.7
<0.5
5.4
1.7
10.8
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3.1
2.4
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4.0
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4.5
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38.4
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17.8
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27 9
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Bromodichloromethane (ug/L)
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5
<0.5
4.7
3.2

4.3
<0.5
4
2.9

Conventional (SDS)
6.3
3.7
<0.5
<0.5
9.8
5.1
2.1
1.6

7.6
<0.5
13.8
2.5

7.5
<0.5
9.2
3.4

8.9
<0.5
24.8
1.9

8.1
<0.5
20.6
1.9

6.6
<0.5
10.2
2.5

Total THMs (ug/L)

24

13

11

23.9

20.1

35.6

30.6

19.3

2.8
<0.5
3.6
1.5

1.6
<0.5
1.2
1.4

3.2
<0.5
3.1
2.1

2.3
<0.5
2.4
1.3

1.4
<0.5
1
1.2

4.2

8.4

6

3.6

Bromide. Bromate

18

10

Bromodichloromethane (ug/L)
Bromoform (ug/L)
Chloroform (ug/L)
Dibromochloromethane (ug/L)

1.4
<0.5
1.1
1.2

1.5
<0.5
1.3
1.1

Peroxone and Ozone (SDS)
2.2
1.1
1.5
<0.5
<0.5
<0.5
2.2
1.4
2
1.4
0.5
0.8

Total THMs (ug/L)

3.7

3.9

5.8

Conventional (Dose mg/L)
(Free mg/L)
Peroxone and Ozone (Dose mg/L)
(Free mg/L)

1.6
0.51
1.5
0.98

1.45
0.97
1.45
1.15

1.45
0.55
1.45
1.13

3

1.2
0.87
1.2
0.75
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4.3
7.9
• Hour Contact Time fS:

1.45
0.57
1.32
0.7

1.35
0.3
1.48
0.31

pg|
1.48
0.5
1.35
0.61

1.48
0.18
1.35
0.41

1.48
0.2
1.35
0.35

1.48
0.6
1.35
0.64
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